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JQ/2H "b2/ .2bB;M Q7  ai2`2Q oBbBQM avbi2K 7Q` AMi2HHB;2Mi .22T@a2 PT2`iBQMb
hQKbx Ƈm+xvƖbFB-+-∗- SBQi` Ƈm+xvƖbFB#- GmFb S2?H2#- JM7`2/ qB`bmK#- M/`2b "B`F
_Q#QiB+b :`QmT- *QKTmi2` a+B2M+2- 1H2+i`B+H 1M;BM22`BM;- C+Q#b lMBp2`bBiv "`2K2M- :2`KMv#AMbiBimi2 7Q` SQr2` SHMi h2+?MQHQ;v- ai2K M/ :b hm`#BM2b- _qh> +?2M lMBp2`bBiv- :2`KMv+AMbiBimi2 Q7 a2MbQ`b- aB;MHb M/ avbi2Kb- a+?QQH Q7 1Sa- >2`BQi@qii lMBp2`bBiv- 1/BM#m`;?- lMBi2/ EBM;/QK
#bi`+i
 bi2`2Q pBbBQM bvbi2K 7Q` /22T@b2 QT2`iBQMb Bb T`2b2Mi2/X h?2 bvbi2K +QMbBbib Q7 +K2`b BM T`2bbm`2 #QiiH2b- r?B+?
`2 /Bbv@+?BM2/ iQ  +QKTmi2` #QiiH2X h?2 bvbi2K ?b bm#biMiBH +QKTmiiBQM TQr2` 7Q` QM@#Q`/ bi2`2Q T`Q+2bbBM;
b r2HH b 7Q` 7m`i?2` +QKTmi2` pBbBQM K2i?Q/b iQ bmTTQ`i miQMQKQmb BMi2HHB;2Mi 7mM+iBQMb- 2X;X- Q#D2+i `2+Q;MBiBQM-
MpB;iBQM- KTTBM;- BMbT2+iBQM- M/ BMi2`p2MiBQMX h?2 KQ/2H #b2/ /2bB;M T`2b2Mi2/ ?2`2 BM+Hm/2b irQ KBM bT2+ibX
6B`bi-  7Q`KHBx2/ TT`Q+? iQ i?2 +QKTQM2Mi b2H2+iBQM 7Q` i?2 bi2`2Q b2i@mT Bb BMi`Q/m+2/- BX2X- ;Bp2M 2bT2+BHHv ++m`+v
M/ #b2HBM2 +QMbi`BMib b r2HH b H2Mb M/ BK;2` QTiBQMb- M H;Q`Bi?KB+ MHvbBb Bb T`QpB/2/X h?Bb TT`Q+? Bb HbQ
Q7 BMi2`2bi 7Q` i?2 /2bB;M Q7 bi2`2Q bvbi2Kb BM ;2M2`HX a2+QM/- i?2 bT2+B}+ bT2+ib Q7 /22T b2 QT2`iBQMb `2 //`2bb2/X
h?Bb BM+Hm/2b 2bT2+BHHv i?2 pHB/iBQM M/ QTiBKBxiBQM Q7 i?2 T`2bbm`2 #QiiH2b 7Q` i?2 +K2`b rBi?  6BMBi2 1H2K2Mi
J2i?Q/ U61JVX 1tT2`BK2Mib M/ `2bmHib `2 T`2b2Mi2/- r?B+? BM+Hm/2  pHB/iBQM Q7 i?2 bi2`2Q T2`7Q`KM+2 BM B`-
`Q#mbiM2bb i2bib Q7 i?2 #QiiH2b BM T`2bbm`2 iMFb- M/ }2H/ i`BHb Q7 i?2 +QKTH2i2 bvbi2K Qz i?2 b?Q`2 Q7 J`b2BHH2 QM 
+QKK2`+BH _2KQi2Hv PT2`i2/ o2?B+H2 U_PoVX
E2vrQ`/b, ai2`2Q oBbBQM- ai2`2Q MHvbBb- 6BMBi2 1H2K2Mi J2i?Q/ U61JV- 6BMBi2 1H2K2Mi MHvbBb U61V- .22T a2
PT2`iBQM- AMi2HHB;2Mi miQMQKQmb avbi2Kb- _2KQi2Hv PT2`i2/ o2?B+H2 U_PoV- miQMQKQmb lM/2`ri2` o2?B+H2
UloV
RX AMi`Q/m+iBQM
*K2`b `2 2bb2MiBH b2MbQ`b 7Q` K`BM2 bvbi2Kb b i?2v
T`QpB/2 /2iBH2/ /i i ?B;? mT/i2 `i2bX *K2` bvb@
i2Kb +M ++Q`/BM;Hv #2 7QmM/ QM HH FBM/ Q7 K`BM2 bvb@
i2Kb `M;BM; 7`QK biiBQM`v THi7Q`Kb HBF2 HM/2`b iQ KQ@
#BH2 `Q#Qib HBF2 _2KQi2Hv PT2`i2/ o2?B+H2b U_PoV Q` m@
iQMQKQmb lM/2`ri2` o2?B+H2b UloVX q?2M mbBM; KQ`2
i?M QM2 +K2`- /2Ti? BM7Q`KiBQM +M #2 Q#iBM2/ pB
bi2`2Q T`Q+2bbBM;X JQ#BH2 `Q#QiB+b BM ;2M2`H +M T`Q}i
7Q` KMv ibFb HBF2 MpB;iBQM- Q#D2+i `2+Q;MBiBQM- Q` K@
MBTmHiBQM 7`QK i?Bb /2Ti? BM7Q`KiBQM 7`QK bi2`2Q pBbBQM
(R)X h?Bb ?QH/b 2bT2+BHHv HbQ 7Q` mM/2`ri2` TTHB+iBQMb
(k- j)X lMHBF2 +QmbiB+ b2MbQ`b BM 7Q`K Q7 bQM`b- bi2`2Q
pBbBQM T`QpB/2b ?B;?@`2bQHmiBQM- `2HiBp2Hv MQBb2@7`22 K2@
bm`2K2Mib i ?B;? mT/i2 `i2b M/ i Km+? HQr2` +QbiX
h?2 +p2i Bb Q7 +Qm`b2 i?i ;QQ/ pBbB#BHBiv +QM/BiBQMb `2
`2[mB`2/X "mi i?Bb Bb ivTB+HHv i?2 +b2 7Q` /22T@b2 QT@
2`iBQMb r?2`2 pBbB#BHBiv Bb mbmHHv p2`v ;QQ/ M/ i?2 BH@
HmKBMiBQM +QM/BiBQMb `2 T2`72+iHv +QMi`QHH2/ #v `iB}+BH
HB;?iX
q2 T`2b2Mi BM i?Bb `iB+H2  KQ/2H #b2/ /2bB;M Q7 
bi2`2Q pBbBQM bvbi2K 7Q` QM@#Q`/ T`Q+2bbBM; BM /22T b2
QT2`iBQMbX JQ/2H #b2/ /2bB;M BM 2M;BM22`BM; 2KTHQvb
/B;BiH KQ/2Hb M/ bBKmHiBQMb iQ QTiBKBx2 T`K2i2`b- iQ
∗*Q``2bTQM/BM; mi?Q`, iXHm+xvMbFB!D+Q#b@mMBp2`bBivX/2
}M/ M/ iQ +Q``2+i TQi2MiBH ~rb- M/ iQ i2bi i?2 HBKBib Q7
i?2 T`Q/m+i #27Q`2 Bi Bb 2p2M KMm7+im`2/X h?Bb BM+Hm/2b
irQ KBM +QMi`B#miBQMb BM i?Bb `iB+H2X 6B`bi-  7Q`KHBx2/
TT`Q+? iQ i?2 +QKTQM2Mi b2H2+iBQM 7Q` i?2 bi2`2Q b2i@mT
Bb T`2b2Mi2/- r?B+? Bb Q7 BMi2`2bi 7Q` i?2 /2bB;M Q7 bi2`2Q
bvbi2Kb BM ;2M2`HX a2+QM/- r2 //`2bb i?2 bT2+B}+ bT2+i
Q7 /22T b2 QT2`iBQMb- KQM; Qi?2`b i?2 pHB/iBQM M/
QTiBKBxiBQM Q7 i?2 T`2bbm`2 #QiiH2b 7Q` i?2 +K2`b rBi?
 6BMBi2 1H2K2Mi J2i?Q/ U61JVX
b K2MiBQM2/- Qm` T2`bT2+iBp2 QM i?2 MHvbBb Q7 i?2
bi2`2Q bvbi2K Bb 7`QK  +QKTQM2Mi b2H2+iBQM T2`bT2+iBp2-
BX2X- Bi Bb QM /2i2`KBMBM; i?2 #2bi +?QB+2b KQM; /Bz2`@
2Mi ?`/r`2 QTiBQMb mM/2` 7Q`KH +QMbi`BMib BM  7Q`KH
H;Q`Bi?KB+ rvX AM  `2+2Mi Tm#HB+iBQM (9)- bQK2 +QMbB/@
2`iBQMb iQr`/b +?QQbBM; i?2 +K2`b BM i?2 /2bB;M bi;2
Q7 i?2 bvbi2K `2 HbQ T`2b2Mi2/X >Qr2p2`- i?2 7Q+mb BM (9)
Bb QM KQMQ+mH` pBbmH Q/QK2i`vX AM (8) M Qi?2` ii2KTi
Bb K/2 iQ 7Q`KHBx2 i?2 T`Q+2bb Q7 /2bB;MBM; bi2`2Q bvb@
i2KbX >Qr2p2`- (8) 7Q+mb2b QM QTiBKBxBM; i?2 +Qp2`;2 Q7
i?2 ?mKM +iBpBiB2b bT+2X 6Q`  j. `2+QMbi`m+iBQM- /B7@
72`2Mi 7+iQ`b Kmbi #2 +QMbB/2`2/ b b?QrM BM i?2 MHvbBb
Hi2` QMX
h?2`2 `2 HbQ KMv Tm#HB+iBQMb QM 2biBKiBM; i?2 `2@
+QMbi`m+iBQM 2``Q`b i?i `2bmHi 7`QK i?2 [mMiBxiBQM 2``Q`
BM  bi2`2Q bvbi2K (e- d- 3- N)X "mi  [mMiBxiBQM 2``Q`
MHvbBb HQM2 bBKTHv H2/b iQ i?2 +QM+HmbBQM i?i 7Q` i?2
bKHH2bi 2``Q`b-  #b2HBM2 Q7 BM}MBi2 H2M;i? b?QmH/ #2 mb2/
  
(Ry)- r?B+? Bb Q#pBQmbHv BKT`+iB+HX 6m`i?2`KQ`2- Bi Bb
HbQ MQi M TT`QT`Bi2 MHvbBb r?2M iFBM; i?2 +m`p@
im`2 Q7 i?2 Q#b2`p2/ Q#D2+ib BMiQ ++QmMiX AM (RR)- M 27@
7Q`i Bb K/2 iQ /2}M2 i?2 QTiBKH }MBi2 #b2HBM2 #b2/ QM
2ti2M/2/ MHvbBb Q7 i?2 [mMiBxiBQM 2``Q` M/ i?2 KBMB@
KBxiBQM Q7 Bib /2Ti? +QKTQM2MiX >Qr2p2`- i?Bb QMHv H2/b
iQ `2bmHib r?2`2 i?2 QTiBKH }MBi2 #b2HBM2 +M #2 bT2+B}2/
7Q`  ;Bp2M TQBMi BM bT+2- Bi +M ?2M+2 MQi #2 mb2/ /m`BM;
i?2 /2bB;M Q7  ;2M2`H Tm`TQb2 bi2`2Q pBbBQM bvbi2KX
h?2 b2+QM/ T`i Q7 Qm` KQ/2H #b2/ /2bB;M /2Hb rBi?
i?2 bT2+ib Q7 /22T b2 QT2`iBQMb- 2bT2+BHHv i?2 /2bB;M
M/ QTiBKBxiBQM Q7 i?2 ?QmbBM;b 7Q` i?2 bi2`2Q +K2`bX
6Q` i?Bb Tm`TQb2-  61J MHvbBb Bb T2`7Q`K2/X  61J
Bb Q7 +Qm`b2 Q7i2M mb2/ BM  biM/`/ /2bB;M T`Q+2bb- 2b@
T2+BHHv BM i?2 `2 Q7 bi`m+im`H MHvbBbX h?2 61J +M
/2i2`KBM2 i?2 /27Q`KiBQM M/ bi`2bb2b BM i?2 Ki2`BHX
*QMb2[m2MiHv- i?2 KtBKmK T2`KBbbB#H2 HQ/ TTHB2/ iQ
i?2 BMp2biB;i2/ KQ/2H +M #2 /2i2`KBM2/ #b2/ QM K@
i2`BH 7BHm`2 i?2Q`vX "b2/ QM  bT2+B}+ mb2@+b2 M/ i?2
bm#b2[m2Mi MHvbBb Q7 i?2 K2+?MBbKb Q7 bi`2bb /2p2HQT@
K2Mi- i?2 +QKTQM2Mib rBi? i?2 ?B;?2bi bi`2bb2b +M #2
`2/2bB;M2/X >2M+2-  }MBi2 2H2K2Mi MHvbBb U61V +M
bB;MB}+MiHv ++2H2`i2 i?2 /2bB;M T`Q+2bbX
h?2`2 `2 ++Q`/BM;Hv b2p2`H 2tKTH2b Q7 61J 7Q`
bi`m+im`H MHvbBb BM mM/2`ri2` TTHB+iBQMbX AM (Rk)-
61 Bb 2KTHQv2/ BM i?2 /2bB;M T`Q+2bb Q7  bm#K`BM2
`/QK2X h?2 MmK2`B+H BMp2biB;iBQM HHQr i?2 +QM}`K@
iBQM Q7 i?2 bbmK2/ b72iv HBKBib M/ i?2v BM/B+i2 i?2
+`BiB+H xQM2b BM i?2 `/QK2- BM r?B+? i?2 ?B;?2bi bi`2bb2b
Q++m`X AM (Rj)- M mMKMM2/ mM/2`ri2` p2?B+H2 Bb M@
Hvx2/ iQ QT2`i2 i e-yyyK ri2` /2Ti?X Pi?2` 2tKTH2b
Q7 61 BM mM/2`ri2` TTHB+iBQMb BM+Hm/2 (R9)- (R8) M/
(Re)X
"mi 7Q` i?2 /2p2HQTK2Mi Q7 T`2bbm`2 #QiiH2b 7Q` K`BM2
bvbi2Kb- Bi Bb  biM/`/ T`+iB+2 iQ Dmbi mb2 ;2M2`H /2bB;M
;mB/2HBM2b BM +QK#BMiBQM rBi? iBK2@+QMbmKBM; H#Q`iQ`v
i2biBM;X h?Bb Bb mbmHHv bm{+B2Mi b T`2bbm`2 #QiiH2b i2M/
iQ #2 [mBi2 bBKTH2 BM i?2B` /2bB;MX h?2 U`2HiBp2HvV HQr
+Qbi Q7 biM/`/ #QiiH2b Bb HbQ  7+iQ`- BX2X-  7BHm`2 BM
 T`2bbm`2 i2bi BM i?2 H# /2bi`Qvb i?2 #QiiH2 #mi Bi Bb 
}MM+BHHv pB#H2 TT`Q+?X *K2` ?QmbBM;b `2 /Bz2`2Mi
BM i?Bb `2bT2+iX h?2v `2 KQ`2 +QKTH2t BM i?2B` /2bB;M M/
i?2 +K2` rBM/Qrb i2M/ iQ #2 p2`v +QbiHvX  bi`QM; TQBMi
Q7  61J Bb Bib TTHB+#BHBiv iQ +QKTH2t ;2QK2i`B+ b?T2b
M/ HQ/b- b Bi Bb i?2 +b2 7Q` Qm` +K2` ?QmbBM;bX "mi
i?2 MHvbBb T2`7Q`K2/ 7Q` Qm` bvbi2K Bb +QKTmiiBQMHHv
MQM@i`BpBHX AM i?2 rQ`F T`2b2Mi2/ ?2`2- i?2 61J Bb ?2M+2
2t2+mi2/ QM  ?B;?@T2`7Q`KM+2 +QKTmi2` U>S*V- MK2Hv
i?2 _qh> "mHH *Hmbi2` BM +?2MX
h?2 `2bi Q7 i?Bb `iB+H2 Bb bi`m+im`2/ b 7QHHQrbX a2+Xk
BMi`Q/m+2b  7Q`KH TT`Q+? iQ i?2 b2H2+iBQM Q7 +QKTQ@
M2Mib M/  +Q``2bTQM/BM; ++m`+v MHvbBb- r?B+? +M
#2 mb2/ 7Q` bi2`2Q bvbi2Kb BM ;2M2`HX AM a2+Xj- i?Bb T@
T`Q+? Bb mb2/ BM  +QM+`2i2 TTHB+iBQM +b2- MK2Hv 7Q`
 bi2`2Q bvbi2K 7Q` /22T b2 QT2`iBQMbX h?2 bvbi2K `2@
[mB`2b bmBi2/ T`2bbm`2/ #QiiH2b- r?B+? `2 MHvx2/ #v 
61J BM a2+X9X 1tT2`BK2Mib M/ `2bmHib `2 T`2b2Mi2/ BM
a2+X8- r?B+? BM+Hm/2  pHB/iBQM Q7 i?2 +QKTQM2Mi b2H2+@
iBQM TT`Q+? BM B`- `Q#mbiM2bb i2bib Q7 i?2 bvbi2K BM 
T`2bbm`2 iMF- M/ }2H/ i`BHb Q7 i?2 +QKTH2i2 bvbi2K Qz
i?2 b?Q`2 Q7 J`b2BHH2 QM  +QKK2`+BH _2KQi2Hv PT2`i2/
o2?B+H2 U_PoVX a2+Xe +QM+Hm/2b i?2 `iB+H2X
kX *QKTQM2Mi a2H2+iBQM 7Q` ai2`2Q oBbBQM BM :2M@
2`H
kXRX 6Q`KmHiBQM Q7 i?2 ai2`2Q .2bB;M S`Q#H2K
q?2M /2bB;MBM;  bi2`2Q pBbBQM bvbi2K- i?2`2 `2 MmK2`@
Qmb /2+BbBQMb iQ #2 K/2- 2bT2+BHHv,
Ç a2H2+iBQM Q7 i?2 +K2`
Ç a2H2+iBQM Q7 i?2 H2Mb
Ç G2M;i? Q7 i?2 #b2HBM2
Ç o2`;2M+2 Q7 i?2 +K2`b
i i?2 bK2 iBK2- i?2b2 +?QB+2b `2 HBKBi2/ #v +QMbi`BMib,
Ç JBMBKmK Q#b2`pBM; /BbiM+2 r?2`2 i?2 bvbi2K b?QmH/
T`QpB/2  j. +Qp2`;2
Ç JtBKmK H2M;i? Q7 i?2 #b2HBM2 i?i Kv #2 ++QK@
KQ/i2/ BM i?2 ;Bp2M TTHB+iBQM
Ç .2bB`2/ ++m`+v Q7 i?2 j. `2+QMbi`m+iBQM
AM i?2 7QHHQrBM;- 2+? bT2+i Bb b?Q`iHv /Bb+mbb2/X *K@
2` b2H2+iBQM ?b KMv bT2+ib- 2X;X- +Qbi- H2/ iBK2- 2i+X
q?2M /2bB;MBM;  bi2`2Q bvbi2K- M BMi2`7+2 7Q` i?2 /i@
i`MbKBbbBQM Kmbi HbQ #2 +?Qb2M, la"- :B;1- 6B`2 qB`2-
2i+X 6Q` bi2`2Q pBbBQM- 2bT2+BHHv r?2M i?2 bvbi2K Bb
KQmMi2/ QM  KQpBM; THi7Q`K M/fQ` i?2`2 Bb /vMKB+b BM
i?2 Q#b2`p2/ b+2M2- Bi Bb BKTQ`iMi i?i i?2 /i@BMi2`7+2
Q7 i?2 +K2`b bmTTQ`ib bvM+?`QMBxiBQM- BX2X- Bi Kmbi #2
2Mbm`2/ i?i i?2 irQ BK;2b Q7 i?2 +K2`b `2 iF2M i
2t+iHv i?2 bK2 KQK2Mi BM iBK2X Pi?2` i?M i?i- i?2
/i@BMi2`7+2 Bb K2MiBQM2/ ?2`2 QMHv 7Q` i?2 bF2 Q7 +QK@
TH2i2M2bbX q?BH2 2+? QTiBQM ?b Bib /pMi;2b M/ /Bb/@
pMi;2b- Qp2`HH i?Bb +?QB+2 Bb MQi `2H2pMi 7Q` i?2 /2bB;M
+QMbB/2`iBQMb /Bb+mbb2/ BM i?Bb b2+iBQMX h?2 QMHv BKTQ`@
iMi 7+iQ`b 7Q` +K2` b2H2+iBQM BM i?Bb +QMi2ti `2 i?2
`2bQHmiBQM Q7 i?2 BK;2 b2MbQ` Ki`Bt- b?Q`i BK;2`- M/
i?2 bBx2 Q7  bBM;H2 TBt2HX
aBM+2 i?2 bK2 BK;2` Kv #2 KQmMi2/ BM /Bz2`2Mi +K@
2`b- 7`QK MQr QM i?2 +?QB+2 Q7 i?2 BK;2 b2MbQ` M/ MQi Q7
i?2 +K2` +QMiBMBM; Bi rBHH #2 /Bb+mbb2/X h?2`2 `2 bQK2
;2M2`H `mH2b i?i TTHv iQ i?Bb b2H2+iBQMX  H`;2` BK;2`
;Bp2b  #B;;2` }2H/ Q7 pB2r 7Q` i?2 bK2 7Q+H H2M;i? Q7 i?2
H2MbX  H`;2` TBt2H bBx2 `2bmHib BM ?B;?2` b2MbBiBpBiv M/
#2ii2` T2`7Q`KM+2 BM HQr@HB;?i +QM/BiBQMbX PM i?2 Qi?2`
?M/- i?2 H`;2` i?2 TBt2H- i?2 H`;2` i?2 [mMiBxiBQM 2`@
`Q`X
h?2 H2Mb Kmbi #2 +QKTiB#H2 rBi? i?2 +K2` BM i2`Kb
Q7 KQmMiBM;- i?2 bBx2 Q7 i?2 BK;2`- 2i+X >Qr2p2`- i?2
KQbi BKTQ`iMi 7+iQ` 7`QK  7Q`KH pB2rTQBMi Bb Bib 7Q+H
  
6B;m`2 R, M BHHmbi`iBQM Q7 i?2 [mMiBxiBQM 2``Q` BM  bi2`2Q +K2`
bvbi2KX
H2M;i?X AM+`2bBM; i?2 7Q+H H2M;i? rBHH /2+`2b2 i?2 [mM@
iBxiBQM 2``Q` i i?2 +Qbi Q7 /2+`2bBM; i?2 }2H/ Q7 pB2rX
h?2 H2M;i? Q7 i?2 #b2HBM2 M/ i?2 p2`;2M+2 `2 BKTQ`@
iMi 7Q` i?2 T2`7Q`KM+2 Q7 i?2  bi2`2Q bvbi2KX AM+`2bBM;
i?2 #b2HBM2 BM+`2b2b i?2 ++m`+v Q7 i?2 j. `2+QMbi`m+@
iBQM #v KBMBKBxBM; i?2 [mMiBxiBQM 2``Q`X PM i?2 Qi?2`
?M/- i?Bb HbQ BM+`2b2b i?2 KBMBKmK Q#b2`piBQM /Bb@
iM+2X h?Bb T`Q#H2K +M #2 bQHp2/ #v p2`;BM; i?2 +K2`bX
>Qr2p2`- i?Bb M``Qrb i?2 }2H/ Q7 pB2r Q7 i?2 bvbi2KX h?2
#b2HBM2 Bb HbQ p2`v Q7i2M HBKBi2/ #v Qi?2` 7+iQ`b- 2X;X-
i?2 KtBKmK H2M;i? i?i +M #2 ++QKKQ/i2/ QM i?2
bvbi2K r?2`2 i?2 bi2`2Q +K2` Bb KQmMi2/X
kXkX h?2 JBMBKmK _M;2 Q7  ai2`2Q avbi2K
AM i?2 7QHHQrBM;- r2 bbmK2 i?i #Qi? +K2`b BM i?2 b2i@
mT `2 B/2MiB+H- BX2X- rBi? i?2 bK2 H2Mb2b- M/ i?i i?2v
`2 bvKK2i`B+HHv p2`;2/X 6m`i?2`KQ`2- i?2 MHvbBb Bb @ b
mbmH 7Q` +K2`b @ `2bi`B+i2/ iQ i?2 sw THM2X 6QHHQrBM;
MQiiBQMb `2 mb2/ U6B;XkV,
6B;m`2 k, Pp2`pB2r Q7 i?2 ;2M2`H bi2`2Q b2imT +QMbB/2`2/ ?2`2 M/
i?2 `2Hi2/ MQiiBQMbX
Ç B Bb i?2 H2M;i? Q7 i?2 #b2HBM2
Ç f Bb i?2 7Q+H H2M;i? Q7 i?2 H2Mb
Ç γ Bb i?2 }2H/ Q7 pB2r Q7 i?2 +K2`
Ç δ Bb i?2 p2`;2M+2 M;H2
Ç s.w Bb i?2 rB/i? Q7 i?2 BK;2` s BM TBt2Hb
6B;m`2 j, M 2tKTH2 BHHmbi`iBM; i?2 BM~m2M+2 Q7 i?2 `/Bmb Q7 
+vHBM/`B+H Q#D2+i QM Bib T2`+2TiBQM rBi? bi2`2Q pBbBQMX >2`2- i?`22
+K2`b `2 TH+2/ k8+K 7`QK 2+? Qi?2`- BX2X- i?2`2 Bb  8y+K #b2@
HBM2 #2ir22M i?2 H27i M/ i?2 `B;?i QM2- M/ k8+K #2ir22M i?2 +2Mi2`
M/ i?2 H27i- `2bT2+iBp2Hv `B;?i QM2X h?2 T2`+2Bp2/ +vHBM/2`b ?p2
RkyKK- 3yKK M/ 98KK /BK2i2`X
Ç s.p Bb i?2 bBx2 Q7  TBt2H Q7 i?2 BK;2` s
Ç dmin Bb i?2 i?2Q`2iB+H KBMBKmK `M;2 Q7 i?2 bvbi2K
Ç β Bb i?2 M;H2 /2}MBM; i?2 KBMBKmK `+ Q7 M Q#D2+i
i?i b?QmH/ #2 Q#b2`p#H2
Ç d′ Bb i?2 KBMBKmK `M;2 +Q``2bTQM/BM; iQ i?2 β M;H2
lbmHHv- i?2 KBMBKmK `M;2 Q7  bi2`2Q bvbi2K Bb /2}M2/
#v i?2 #Q`/2` TBt2Hb Q7 i?2 irQ +K2`b U6B;X RVX >Qr2p2`-
i?Bb Bb QMHv pHB/ r?2M Q#b2`pBM;  THM` bm`7+2X hQ
;2M2`HBx2 i?Bb +b2- H2i mb TT`QtBKi2 i?2 Q#b2`p2/ MQM@
x2`Q +m`pim`2 Q7 i?2 Q#D2+i rBi?  bT?2`2 Q`  +vHBM/2`-
BX2X-  +B`+H2 BM i?2 T`QD2+iBQM QM i?2 sw THM2X q?2M
Q#b2`pBM; M ++Q`/BM; Q#D2+i- Bib bm`7+2 `2+QMbi`m+iBQM Bb
QMHv TQbbB#H2 7Q` M `+ i?i +M #2 b22M #v #Qi? +K2`bX
G2i mb /2}M2 i?Bb `+ rBi? M M;H2 βX h?Bb `2/2}M2b i?2
KBMBKmK `M;2 iQ #2 d′ U6B;XkVX
h?2 b2H2+iBQM Q7 β /2T2M/b QM i?2 bBx2 Q7 i?2 Q#D2+ib
i?i `2 2tT2+i2/ iQ #2 T2`+2Bp2/ #v i?2 bvbi2KX AM i?2
HBKBi +b2- BX2X- 7Q`  THM2- i?2 M;H2 β Bb BM}MBi2Hv bKHHX
M BHHmbi`iBQM Q7 i?2 MQM@THM` MHvbBb mbBM; +vHBM/2`b
Bb b?QrM BM 6B;XjX h?2`2- i?`22 +K2`b - " M/ * `2
TH+2/ rBi? k8+K #2ir22M  M/ "- `2bT2+iBp2Hv " M/
*X h?`22 +vHBM/2`b rBi? /BK2i2`b Q7 RkyKK- 3yKK M/
98KK `2 TH+2/ BM i?2 +2Mi2` BM 7`QMi Q7 i?2KX Ai +M #2
MQiB+2/ i?i b i?2 /BK2i2` ;2ib bKHH2`- i?2 bBx2 Q7 i?2
bm`7+2 Ti+? i?i +M #2 Q#b2`p2/ 7`QK irQ +K2`b HbQ
b?`BMFbX "mi i?2 M;mH` K2bm`2 Q7 i?Bb Ti+? `2KBMb
+QMbiMiX Ai Kmbi #2 MQi2/ i?i i?2 KBMBKmK `M;2 d′
/2`Bp2/ BM i?Bb rv Bb b?Q`i2` i?M i?2 +imH /BbiM+2 iQ
i?2 bm`7+2 Q7 i?2 Q#D2+iX L2p2`i?2H2bb- Bi Bb /2}M2/ ?2`2 BM
i?Bb rv- b Bi KF2 i?2 `2bmHib Q7 i?2 H;Q`Bi?KB+ +QKTQ@
M2Mi b2H2+iBQM KQ`2 `Q#mbi r?2M mbBM; i?2 bi2`2Q bvbi2K
BM b+2M2b rBi? KQ`2 +QKTH2t b?T2bX
kXjX LQM@o2`;2/ *b2
6B`bi- i?2 bBKTH2bi +b2 Bb MHvx2/- MK2Hv rBi? MQ p2`@
;2M+2 Uδ = 0V- r?B+? b2`p2b b #bBb 7Q` i?2 b2H2+iBQM H@
;Q`Bi?KX h?2 +b2 Q7 MQ p2`;2M+2 H2/b iQ  }2H/ Q7 pB2r
Q7 i?2 bvbi2K i?i Bb B/2MiB+H iQ i?2 }2H/ Q7 pB2r Q7 i?2
+K2`bX Ai Bb KQbi p2`biBH2 M/ ?2M+2 7Q` 2tKTH2 Q7i2M
mb2/ BM KQ#BH2 `Q#QiB+bX AM i?2 7QHHQrBM;- i?2 +QMbi`BMib
rBi?BM i?2 MHvbBb `2 /Bb+mbb2/X
  
kXjXRX JtBKmK #b2HBM2 +QMbi`BMi
h?2`2 `2 irQ 7+iQ`b HBKBiBM; i?2 KtBKmK #b2HBM2
i?i +M #2 mb2/X h?2 }`bi Bb i?2 KtBKmK H2M;i? H@
HQr2/ #v i?2 mb2` Busr- BX2X-  /2bB;M +QMbi`BMi /m2 iQHBKBi2/ bT+2 HHQ+iBQM 7Q` i?2 bvbi2KX h?2 b2+QM/- H2bb
i`BpBH QM2- +QK2b 7`QK i?2 KBMBKmK `M;2- `2bT2+iBp2Hv
β +QMbi`BMiX LQi2 i?i B7 i?2 7QHHQrBM; MHvbBb Bb iQ #2
BMp`BMi iQ i?2 Q#D2+i bBx2- i?2 KBMBKmK βmin M;H2 Kmbi#2 bT2+B}2/X Aib pHm2 Bb /2i2`KBM2/ #v bbmKBM; i?i i?2
r?QH2 Q#D2+i rBHH #2 BM i?2 }2H/ Q7 pB2r M/ i?2 Q#b2`p#H2
T`i Q7 Bi Bb /2}M2/ #v HB;?i `vb iM;2MiBH iQ Bib bm`7+2
U6B;X kVX
βmin = 2 ∗ (90−
γ
2
) URV
A7 BMTmi β < βmin Bb BM+`2b2/ iQ i?2 KBMBKmK pHm2-i?Bb T`2HBKBM`v MHvbBb +M #2 mb2/ rBi?Qmi bT2+B7vBM;
i?2 bBx2 Q7 i?2 Q#D2+iX >pBM; bT2+B}2/ β- i?2 KtBKmK
#b2HBM2 +M #2 +H+mHi2/,
B′ =
2 ∗ d′
tan β2
UkV
6BMHHv- i?2 }`bi +QMbi`BMi Bb 7Q`KmHi2/,
Bmax = min(B
′, Busr) UjV
kXjXkX JBMBKmK #b2HBM2 +QMbi`BMi
h?2 KBMBKmK #b2HBM2 +QMbi`BMi Bb /2`Bp2/ 7`QK i?2
KBMBKmK ++m`+v bT2+B}2/ #v i?2 mb2`X 1p2M B7 r2 b@
bmK2 i?2 +HB#`iBQM M/ i?2 bi2`2Q T`Q+2bbBM; iQ #2 T2`@
72+i- M BM?2`2Mi [mMiBxiBQM 2``Q` Hrvb `2KBMbX G2i mb
+QMbB/2` TQBMi P HvBM; QM  +2Mi2` HBM2 #2ir22M i?2 +K@
2`b i i?2 /BbiM+2 da ;Bp2M #v i?2 mb2`X hQ KQ/2H i?2[mMiBxiBQM 2``Q`- r2 bbmK2 i?i i?2 x +QQ`/BMi2 Q7 i?2
T`QD2+i2/ TQBMib +M p`v #v s.p2 X h?Bb +QMbi`BMi Bb Bi2`@iBp2Hv ?M/H2/X h?2 #b2HBM2 Bb BM+`2b2/ #v  }t2/ bi2T
M/ i?2 ++m`+v Bb i2bi2/- BX2X- Bi Bb +?2+F2/ B7 Bi H`2/v
7mH}HHb i?2 ;Bp2M pHm2X h?Bb rv- KBMBKmK #b2HBM2b Bimin`2 /2i2`KBM2/ UQM2 7Q` 2+? bT2+B}2/ /BbiM+2f++m`+v
TB`VX h?2 }MH +QMbi`BMi Bb,
Bmin = max(B
1
min, ..., B
i
min) U9V
b  `2bmHi Q7 i?Bb- i?2 bT2+B}2/ ++m`+v `2[mB`2K2Mib `2
7mH}HH2/X
kXjXjX 6mHH H;Q`Bi?K 7Q` i?2 LQM@o2`;2/ *b2
PM+2 #Qi? i?2 KBMBKmK M/ i?2 KtBKmK #b2HBM2 +QM@
bi`BMi `2 7QmM/- i?2 bQHmiBQM +M #2 /2`Bp2/X h?`22 K@
DQ` +b2b +M #2 B/2MiB}2/X AM i?2 }`bi +b2- Bmin > Busr-i?2`2 Bb MQ bQHmiBQMX Ai K2Mb i?i 2p2M i i?2 KtBKmK
#b2HBM2 HHQr2/ #v i?2 mb2` Bi Bb BKTQbbB#H2 iQ +?B2p2 i?2
`2[mB`2/ ++m`+vX h?2 b2+QM/ +b2 Bb Bmax < Bmin <
BusrX h?Bb K2Mb i?i i?2`2 Bb MQ bQHmiBQM r?2M mbBM; irQ+K2`b- #mi //BM; KQ`2 +K2`b rBHH TQi2MiBHHv ?2HTX
 TB` rBi?  rB/2` #b2HBM2 rBHH ;m`Mi22 i?2 `2[mB`2/
++m`+v- M/  b?Q`i2` #b2HBM2 rBHH ;Bp2 i?2 +Qp2`;2 Q7
i?2 Q#D2+ib +HQb2 iQ i?2 bvbi2KX P7 +Qm`b2- BM bQK2 +b2b
i?Bb Kv MQi #2 M QTiBQM b  p2`v ?B;? ++m`+v i b?Q`i
/BbiM+2b Kv #2 `2[mB`2/X 6BMHHv- r?2M Bmin < Bmax- bQHmiBQM 2tBbibX AM ;2M2`H- Mv H2M;i? Q7 i?2 #b2HBM2
rBi?BM i?Bb `M;2 rBHH biBb7v i?2 `2[mB`2K2Mib bT2+B}2/ #v
i?2 mb2`X >Qr2p2`- Bi M22/b iQ #2 MQi2/ i?i //BiBQMH
bQm`+2b Q7 2``Q` Kv Q++m` BM #Qi? i?2 [mHBiv M/ /2MbBiv
Q7 i?2 `2+QMbi`m+iBQM- bQ iFBM; i?2 #Q`/2` pHm2b Q7 i?2
`2im`M2/ `M;2 Bb MQi `2+QKK2M/2/X
h?2 H;Q`Bi?K `2[mB`2b i?2 7QHHQrBM; BMTmib, β- d′- Busr-i?2 HBbi Q7 BK;BM; b2MbQ`b iQ #2 +QMbB/2`2/ S- i?2 HBbi Q7
pBH#H2 7Q+H H2M;i?b F - i?2 HBbi Q7 `2[mB`2/ ++m`+B2b i
;Bp2M /BbiM+2b (di, ai)X NULL BM H;Q`Bi?K R `2T`2b2Mib
i?2 +b2 rBi? MQ bQHmiBQMX
kX9X GBKBi2/ o2`;2M+2 *b2
h?2 b2+QM/ +b2 ?M/H2b i?2 bBimiBQM r?2M i?2 mb2` H@
HQrb p2`;2M+2- #mi T`272`b iQ KBMiBM M mMHBKBi2/ KtB@
KmK `M;2X AM Qi?2` rQ`/b δ < γ2 X h?2 2[miBQM 7Q` βminURV Kmbi i?2M #2 KQ/B}2/,
βmin = 2 ∗ (90− γ) U8V
 p2`;2M+2 M;H2 δ Kmbi HbQ #2 T`QpB/2/X A7  bQHmiBQM
+M #2 /2i2`KBM2/- i?2 p2`;2M+2 Bb +H+mHi2/ b,
δ = 90− arctan(
2 ∗ d′
B
)−
γ
2
UeV
h?2 +?M;2b BM i?2 H;Q`Bi?KR Kmbi #2 ++Q`/BM;Hv K/2
iQ UeVX o2`;2M+2 δ Bb HbQ HBKBi2/ iQ #2 TQbBiBp2 @ i?2`2
Bb MQ TQBMi BM im`MBM; i?2 +K2`b rv 7`QK 2+? Qi?2`X
h?2 `2bmHib Q7 i?2 +H+mHiBQM Q7 δ `2 ;Bp2M 7Q` Bmin M/
BmaxX
kX8X lMHBKBi2/ o2`;2M+2 *b2
AM i?2 Hbi TQbbB#H2 b+2M`BQ- i?2 p2`;2M+2 δ Bb MQi HBK@
Bi2/X h?Bb Kv #2 mb27mH r?2M mbBM; H2Mb2b rBi?  HQM;
7Q+H H2M;i? iQ KQ/2H  +HQb2/ bT+2 Q7 FMQrM `2HiBp2 TQ@
bBiBQM rBi? ?B;? ++m`+vX AM i?Bb +b2- i?2`2 Bb i?2 `BbF
i?i QM2 Q7 i?2 /BbiM+2b 7Q` r?B+? i?2 /2bB`2/ ++m`+v Bb
bT2+B}2/ Bb #2vQM/ i?2 KtBKmK `M;2 dmax Q7 i?2 bvb@i2KX h?2`27Q`2-  M2r +QMbi`BMi 7Q` Bmax Kmbi #2 7Q`@KmHi2/X
γ < arctan(
2 ∗ dmax
Bmax
)− arctan(
2 ∗ d′
Bmax
) UdV
>Qr2p2`- i?2 pHm2 Q7 Bmax +M MQi #2 /B`2+iHv /2`Bp2/7`QK UdVX h?2`27Q`2- i?2 H;Q`Bi?K R Bb KQ/B}2/ #v //BM;
H;Q`Bi?K k iQ Bi2`iBp2Hv bQHp2 i?Bb +QMbi`BMiX  bBKTH2
bQHp2` rBi?  }t2/ bi2T@rB/i? Bb T`QTQb2/ ?2`2- b i?Bb Bb
QMHv mb2/ 7Q` bT2+B7vBM; BMBiBH +m2b 7Q` i?2 7m`i?2` /2bB;M
/2+BbBQMb M/ M 2t+i bQHmiBQM Bb MQi `2[mB`2/X
  
H;Q`Bi?K R, ai2`2Q bvbi2K /2bB;M H;Q`Bi?K UMQM
p2`;2/ +b2VX
R 7Q` each s ∈ S /Q
k 7Q` each f ∈ F /Q
j fp = fs.p
9 l = [−s.w; 0; fp]
8 r = [s.w; 0; fp]
e l.normalize(), r.normalize()
d γ = arccos (lT ∗ r)
3 B7 90− γ2 > β2 i?2M
N β = 2 ∗ (90− γ2 )
Ry 2M/
RR Bmax = 2∗d
′
tan( β
2
)
Rk 7Q` each (di, ai) /Q
Rj B = 0.02
R9 step = 0.005
R8 r?BH2 notnsolved /Q
Re B+ = step
Rd P = [−B2 ; 0; di]
R3 Img = P∗f
P.z
RN Imgmin = Imgmax = Img
ky Imgmin.x = Img.x+ s.p2
kR Imgmax.x = Img.x− s.p2
kk P ′ = Imgmin
Imgmin.x
∗ B2
kj P ′′ = Imgmax
Imgmax.x
∗ B2
k9 e = |P ′.z − P”.z|/2
k8 B7 e < ai i?2M
ke solved
kd Bimin = B
k3 2M/
kN 2Hb2 B7 B < Busr i?2M
jy solved
jR Bimin = NULL
jk 2M/
jj 2M/
j9 2M/
j8 B7 max(B1min, ..., Bimin) == NULL i?2M
je Results(s, f) = NULL
jd 2M/
j3 2Hb2 B7 max(B1min, ..., Bimin) > Bmax
jN &&min(B1min, ..., Bimin) > Bmax i?2M
9y Results(s, f) = NULL
9R 2M/
9k 2Hb2 B7 max(B1min, ..., Bimin) > Bmax
9j &&min(B1min, ..., Bimin) < Bmax i?2M
99 Results(s, f) =
MOREnCAMERASnNEEDED
98 2M/
9e 2Hb2
9d Results(s, f) =< Bmin, Bmax >
93 2M/
9N 2M/
8y 2M/
QmiTmi, Results
H;Q`Bi?K k, //BiBQMH +QMbi`BMi 7Q` Bmax UmMHBK@Bi2/ p2`;2M+2VX
R α = arctan(2∗dmax
Bmax
)− arctan( 2∗d
′
Bmax
)
k r?BH2 α > γ /Q
j Bmax− = 0.05
9 γ < arctan( 2∗dmax
Bmax
)− arctan( 2∗d
′
Bmax
)
8 2M/
kXeX a2imT MHvbBb 7i2` *QKTQM2Mi a2H2+iBQM
h?2 H;Q`Bi?K T`2b2Mi2/ #Qp2 ;Bp2b i?2 `M;2 Q7 #b2@
HBM2b 7Q` r?B+? i?2 ;Bp2M +QM/BiBQMb `2 7mH}HH2/, +?QQbBM;
 #b2HBM2 +HQb2` iQ i?2 KtBKmK pHm2 BM+`2b2b i?2 ++m@
`+v- +?QQbBM;  b?Q`i2` #b2HBM2 BM+`2b2b i?2 Q#b2`p#H2
T`i Q7 i?2 bm`7+2 UBX2X- βVX "Qi? pHm2b `2 bm#D2+i iQ
//BiBQMH bQm`+2b Q7 2``Q`X h?2 ++m`+v /Bb+mbb2/ #Qp2
T`QpB/2b  #b2HBM2- #2bi +b2 MHvbBbc Bi +M #2 HQr2`2/ #v
2``Q`b BM i?2 +K2` +HB#`iBQM- KQiBQM #Hm`- HBKBib BM i?2
bi2`2Q T`Q+2bbBM;- 2i+X h?2 β M;H2 Kv /2+`2b2 /m2 iQ
i?2 bK2 7+iQ`b- #mi HbQ /m2 iQ 72im`2H2bb i2tim`2b M/
i?2 [mMiBxiBQM 2``Q`X AM i?Bb +b2- i?2 [mMiBxiBQM 2``Q`
rBHH KMB72bi Bib2H7 BM Qm` 2tKTH2 QM i?2 bB/2 Q7 i?2 +vHBM@
/2`- r?2`2 #Qi? i?2 #+F;`QmM/ M/ T`i Q7 i?2 +vHBM/2`
`2 pBbB#H2 rBi?BM QM2 TBt2HX
aQK2 Q7 i?2b2 2z2+ib /2T2M/ QM i?2 bBx2 Q7 i?2 Q#D2+i-
i?2`27Q`2  b2+QM/ bi2T BM i?2 /2bB;M T`Q+2bb Bb BMi`Q/m+2/
MQrX 7i2` b2H2+iBM; i?2 BK;2`- i?2 H2Mb- i?2 #b2HBM2- 2i+X-
i?2b2 pHm2b `2 mb2/ iQ +H+mHi2 i?2 T`2/B+i2/ pHm2b Q7
i?2 `2+QMbi`m+iBQM ++m`+v M/ i?2 β M;H2X h?Bb iBK2 β
Bb +H+mHi2/ iQ;2i?2` rBi? i?2 T`2/B+i2/ BM~m2M+2 Q7 i?2
[mMiBxiBQM 2``Q`X aBM+2 i?Bb BM~m2M+2 /2T2M/b QM i?2
+vHBM/2`Ƕb /BK2i2`- Bi Bb T`2b2Mi2/ BM  7Q`K Q7  ;`T?X
h?2 T`2/B+i2/ pHm2 Q7 β +Q``2+i2/ 7Q` i?2 [mMiBxiBQM
2``Q` U/2MQi2/ b βcV +M #2 +H+mHi2/ b,
σ = arcsin(cos(α)− cos(α) tanα tan(
β
2
)−
B tanα cosα
2R cos(β2 )
)
U3V
βc = β − 2(90− α− σ) UNV
r?2`2 α Bb i?2 M;H2 /2}M2/ #v i?2 bBx2 Q7 bBM;H2 TBt2H 7Q`
 ;Bp2M 7Q+H H2M;i? f M/ σ Bb Dmbi M mtBHB`v M;H2 mb2/
BM i?2 +H+mHiBQMX
h?2 ++m`+v Q7 i?2 bvbi2K Bb +H+mHi2/ #v 2biBKiBM;
i?2 KtBKmK [mMiBxiBQM 2``Q` ++Q`/BM; iQ H;Q`Bi?K
RX h?2 `2bmHib Q7 i?2 bvbi2K MHvbBb +M i?2M #2 T`2b2Mi2/
BM 7Q`K Q7 ;`T?b U2X;X- 6B;XeVX
jX *QKTQM2Mi a2H2+iBQM 7Q` i?2 C+Q#b .22T a2
ai2`2Q avbi2K
jXRX "+F;`QmM/ M/ JQiBpiBQM
b K2MiBQM2/ BM i?2 BMi`Q/m+iBQM- +K2`b BM ;2M2`H
M/ bi2`2Q bvbi2Kb BM T`iB+mH` `2 BKTQ`iMi b2MbQ`b 7Q`
  
6B;m`2 9, qBi?BM i?2 .2t_Po T`QD2+i- mM/2`ri2` KMBTmHiBQM 7`QK M QMb?Q`2 +QMi`QH +2Mi2` Bb BMp2biB;i2/ iQ `2/m+2 QT2`iBQM +Qbib Q7
_Pob M/ iQ 2b2 i?2 BMpQHp2K2Mi Q7 KBbbBQM 2tT2`ibX h?Bb `2[mB`2b BM+`2b2/ miQMQKQmb BMi2HHB;2Mi 7mM+iBQMb QM i?2 _Po iQ +QKT2Mbi2
7Q` Hi2M+v M/ #M/rB/i? +QMbi`BMib Q7 i?2 bi2HHBi2 HBMF 7`QK i?2 QMb?Q`2 +2Mi2` iQ i?2 Qzb?Q`2 bmTTQ`i p2bb2HX h?2 bi2`2Q bvbi2K T`2b2Mi2/
?2`2 Bb i?2 KBM b2MbQ` 7Q` i?Bb Tm`TQb2X
K`BM2 bvbi2KbX Pm` rQ`F T`2b2Mi2/ ?2`2 Bb KQiBpi2/ #v
i?2 1l@T`QD2+i Ǵ1z2+iBp2 /2ti2`Qmb _Po QT2`iBQMb BM i?2
T`2b2M+2 Q7 +QKKmMB+iBQM Hi2M+B2b U.2t_PoVǴX *QK@
K2`+BH mM/2`ri2` QT2`iBQMb `2 /QKBMi2/ #v _Po-
r?B+? `2[mB`2  ?B;?Hv [mHB}2/ Qzb?Q`2 +`2r- `2bT2+iBp2Hv
2p2M KmHiBTH2 +`2rb rQ`FBM; BM b?B7ib- r?Q M22/ iQ 2M;;2
BM  bB;MB}+Mi KQmMi Q7 HQr@H2p2H- KMmH +QMi`QHX
.2t_Po ii2KTib iQ `2/m+2 i?2 KQmMi Q7 `Q#Qi QT2`@
iQ`b `2[mB`2/ Qzb?Q`2 #v 7+BHBiiBM; QT2`iBQMb 7`QK M
QMb?Q`2 +QMi`QH +2Mi2` M/ `2/m+BM; i?2 ;T #2ir22M HQr@
H2p2H i2H2@QT2`iBQM M/ 7mHH miQMQKv U6B;X 9VX h?2 #bB+
B/2 Bb i?i i?2 mb2` BMi2`+ib rBi?  `2H iBK2 bBKmHiBQM
2MpB`QMK2Mi- M/  +Q;MBiBp2 2M;BM2 MHvx2b i?2 mb2`Ƕb
+QMi`QH `2[m2bib M/ im`Mb i?2K BMiQ KQiBQM T`BKBiBp2b
i?i i?2 _Po miQMQKQmbHv 2t2+mi2b BM i?2 `2H 2MpB`QM@
K2Mi @ BM/2T2M/2MiHv Q7 +QKKmMB+iBQM Hi2M+B2b 7`QK 
bi2HHBi2 +QMM2+iBQM (Rd)X
aii2 Q7 i?2 `i _Po HBF2 i?2 am#@iHMiB+ T+?2 p2?B@
+H2 mb2/ BM .2t_Po Q7i2M `2Hv QM MHQ; +K2` bvbi2KbX
h?2 BK;2 [mHBiv Q7 biM/`/ MHQ; +K2`b Bb bi`QM;Hv
BM~m2M+2/ #v i?2 +QMM2+iBQM 7`QK i?2 _Po iQ i?2 bmTTQ`i
p2bb2HX h?2 KBM +QKK2`+BH _Po TTHB+iBQM `2b- 2X;X-
QT2`iBQMb BM QBH@ M/ ;b@T`Q/m+iBQM- `2 BM /2Ti?b i?i
`2 BM++2bbB#H2 iQ /Bp2`b- BX2X- BM i?2 /22T b2X .m2 iQ
i?2 HQM; i2i?2`b `2[mB`2/ 7Q` /22T@b2 QT2`iBQMb- BK;2b
`2 Q7i2M MQBbv M/ i?2`2 +M #2 BMi2``mTib BM i?2 bi`2Kb-
r?B+? KF2b T`Q+2bbBM; Q7 i?2 /i #v +QKTmi2` pBbBQM QM
i?2 p2bb2H [mBi2 +?HH2M;BM;X
h?2 mb2 Q7 /B;BiH +K2`b ?b i?2`27Q`2 BM ;2M2`H KmH@
iBTH2 /pMi;2b- 2bT2+BHHv r?2M i?2v `2 +QK#BM2/ rBi?
+QKTmiiBQM TQr2` QM@#Q`/ Q7 i?2 p2?B+H2 iQ ;2M2`i2 M
BMi2HHB;2Mi pBbBQM bvbi2KX 6B`bi Q7 HH- M BMi2HHB;2Mi mM@
/2`ri2` pBbBQM bvbi2K +M KBMBKBx2 i?2 /i i`{+ Qp2`
i?2 i2i?2` 7`QK i?2 _Po iQ i?2 p2bb2HX Ai HHQrb M QMHBM2
/TiiBQM Q7 i?2 BK;2 `2bQHmiBQM- i?2 +QKT`2bbBQM 7+iQ`-
M/ i?2 7`K2 `i2 iQ QTiBKHHv mb2 i?2 pBH#H2 #M/@
rB/i? 7Q` i?2 +m``2Mi ibF i ?M/X 6m`i?2`KQ`2- +QK@
Tmi2` pBbBQM +M #2 mb2/ /B`2+iHv QM@#Q`/ Q7 i?2 _Po iQ
bbBbi +Q`2 +T#BHBiB2b mT iQ i?2 T`QpBbBQM Q7 miQMQKQmb
7mM+iBQMbX h?Bb T`Q+2bbBM; QM#Q`/ Q7 i?2 _Po KBMBKBx2b
Hi2M+B2b M/ BM+`2b2b `Q#mbiM2bb +QKT`2/ iQ T`Q+2bbBM;
QM i?2 p2bb2H- r?B+? `2[mB`2b i?2 i`MbKBbbBQM Q7 i?2 /i
Qp2` i?2 HBKBi2/ /i@+QMM2+iBQM Q7  i2i?2`X
jXkX a2H2+iBQM Q7 i?2 *K2`b- G2Mb2b- M/ i?2 "b2HBM2
AM i?2 7QHHQrBM;- i?2 +QKTQM2Mi b2H2+iBQM TT`Q+? T`2@
b2Mi2/ BM a2+Xk Bb mb2/ 7Q` i?2 /2bB;M Q7 i?2 C+Q#b bi2`2Q
bvbi2K 7Q` .2t_PoX h?2 HBbi Q7 BK;BM; b2MbQ`b +QMbB/2`2/
7Q` i?2 bvbi2K Bb T`2b2Mi2/ BM h#H2 RX
:Bp2M i?2 bT2+B}+ mb2@+b2- i?2 7Q+H H2M;i? Q7 i?2 H2Mb
Bb `2bi`B+i2/ iQ  KtBKmK Q7 8X8KK iQ ;2i  rB/2 }2H/ Q7
pB2rX 6m`i?2`KQ`2-  MQM p2`;2/ /2bB;M Bb +?Qb2MX aBM+2
 ~i TM2H ;Hbb rBM/Qr Bb mb2/ BM i?2 ?QmbBM;- i?2 7Q+H
H2M;i?b Q7 i?2 H2Mb2b r?2M #2BM; mb2/ mM/2`ri2` +M #2
  
h#H2 R, GBbi Q7 b2MbQ` KQ/2Hb M/ KQbi BKTQ`iMi T`K2i2`b
JQ/2H _2bQHmiBQM SBt2H bBx2 (MK)
aQMv A*s9R9 **. e93 t 933 NXN
aQMv A*skd9 **. Rek9 t Rkk9 9X9
aQMv A*s3R3 **. RNk3 t R993 jXeN
aQMv A*sked **. Rj39 t Ryjk 9Xe8
aQMv A*se3d **. RNk3 t R993 jXeN
aQMv A*sed9 **. RNjk t R98k 9X89
aQMv A*seN9 **. kdje t kRNk 9X89
aQMv A*s3y3 **. kyRe t kyRe jXR
aQMv A*sk38 **. Rj39 t Ryje eX98
aQMv A*sek8 **. k993 t ky93 jX98
aQMv A*s3k8 **. Rj39 t Ryjk eX98
2biBKi2/ #v BM+`2bBM; i?2B` MQKBMH pHm2b #v jjWX h?Bb
Bb QMHv M TT`QtBKiBQM- #mi Bi Bb bm{+B2Mi 7Q` i?2 Tm`@
TQb2 Q7 +QKTQM2Mi b2H2+iBQM r?2`2 QMHv +Q`b2 QTiBQMb 7Q`
BK;2` M/ H2Mb T`K2i2`b `2 pBH#H2X b T`2b2Mi2/ BM
KQ`2 /2iBH Hi2` QM BM a2+X9XR- i?Bb Bb MQi bm{+B2Mi r?2M
mbBM; i?2 BKTH2K2Mi2/ bvbi2K b  T`2+Bb2 BMbi`mK2Mi- BX2X-
 KQ`2 ++m`i2 +K2` KQ/2H Bb mb2/ 7Q` i?2 +HB#`iBQM
M/ i?2 BK;2 `2+iB}+iBQM QM+2 i?2 +QKTQM2Mib `2 /2@
i2`KBM2/X
hrQ ++m`+v +?2+FTQBMib `2 bT2+B}2/X i 8K /BbiM+2-
i?2 KtBKmK 2``Q` Bb b2i iQ #2 MQ KQ`2 i?M 98+KX i
kK /BbiM+2- Bi Bb b2i iQ #2 MQ KQ`2 i?M e+KX hQ #2 #H2
iQ mb2 i?2 bvbi2K KQM; Qi?2`b 7Q` miQMQKQmb KMBTm@
HiBQM ibFb- i?2 KBMBKmK `M;2 Bb b2i iQ #2 jy+KX h?2
KtBKmK #b2HBM2 Bb HBKBi2/ #v i?2 pBH#H2 bT+2 QM i?2
_Po r?2`2 i?2 bvbi2K Bb BMi2;`i2/c Bi Kmbi #2 `2bi`B+i2/
iQ  KtBKmK Q7 yX8KX h?2 2tT2+i2/ KBMBKmK pHm2 Q7
β Bb b2i iQ 120◦X h?2 `2bmHib Q7 i?2 +Q``2bTQM/BM; MHvbBb
`2 bmKK`Bx2/ BM i?2 h#H2 kX
"b2/ QM i?2b2 `2bmHib-  aQMv A*sk38 **. BK;2`-
`2bT2+iBp2Hv  SQBMi;`2v :`bb?QTT2`k RjN9# +K2` +QM@
iBMBM; i?Bb b2MbQ`- rBi?  9X3KK 7Q+H H2M;i? H2Mb Bb +?Q@
b2MX h?2 #b2HBM2 Bb b2i iQ 0.3mX hQ +QKTH2i2 i?Bb b2H2+@
iBQM- i?Bb b2imT Bb MHvx2/ mbBM; i?2 TT`Q+? /2b+`B#2/
#27Q`2 BM a2+XkXeX h?2 ++Q`/BM; `2bmHib `2 b?QrM BM 6B;XeX
jXjX *K2` AMi2`7+2b M/ PM@#Q`/ *QKTmi2`
6Q` i?2 bF2 Q7 +QKTH2i2M2bb- r2 b?Q`iHv /2b+`B#2 ?2`2
HbQ i?2 Qi?2` +QKTQM2Mib Q7 Qm` mM/2`ri2` bi2`2Q bvb@
i2KX M BKTQ`iMi bT2+i BM i?Bb `2bT2+i `2 i?2 6B`2rB`2
URjN9#V BMi2`7+2b Q7 i?2 +K2`b- r?B+? +M MQi #2 BK@
TH2K2Mi2/ rBi? biM/`/ mM/2`ri2` +#H2b /m2 iQ i?2B`
2H2+i`B+H ?B;?@7`2[m2M+v U>6V /2KM/bX LQi2 i?i i?Bb
bT2+i ?QH/b 7Q` Mv /i@BMi2`7+2 Q7 ?B;?@`2bQHmiBQM +K@
2`bX h?2`27Q`2- bT2+BH mM/2`ri2` +#H2b `2 mb2/- r?B+?
`2 /2bB;M2/ 7Q` 1i?2`M2i TTHB+iBQMb M/ r?B+? `2 ?2M+2
bmBi2/ 7Q` i?2 i`MbKBbbBQM Q7 >6@bB;MHb i :B;#BifbX
LQi2 i?i 6B`2rB`2 ?b N@TBM +QMM2+iQ`b #mi QMHv 3 HBM2b
h#H2 k, h#H2 Q7 `2bmHib ;Bp2M #v i?2 +QKTQM2Mi b2H2+iBQM H;Q`Bi?K
6Q+H
H2M;i?b
f a2M@
bQ`b
kX3
KK
jX3
KK 9 KK
9X3
KK
8X8
KK
aQMv
A*s9R9
**.
JQ`2
+K@
2`b
`2@
[mB`2/
JQ`2
+K@
2`b
`2@
[mB`2/
yXjj8
fyXj9e9R
K
yXk3
fyXj9e9R
K
yXk98
fyXj9e9R
K
aQMv
A*skd9
**.
yXkR
fyXj9e9R
K
yXR88
fyXj9e9R
K
yXR8
fyXj9e9R
K
yXRk8
fyXj9e9R
K
yXRR
fyXj9e9R
K
aQMv
A*s3R3
**.
yXR3
fyXj9e9R
K
yXRj
fyXj9e9R
K
yXRk8
fyXj9e9R
K
yXRy8
fyXj9e9R
K
yXyN
fyXj9e9R
K
aQMv
A*sked
**.
yXkk8
fyXj9e9R
K
yXRe8
fyXj9e9R
K
yXRe
fyXj9e9R
K
yXRj
fyXj9e9R
K
yXRR8
fyXj9e9R
K
aQMv
A*se3d
**.
yXR3
fyXj9e9R
K
yXRj
fyXj9e9R
K
yXRk8
fyXj9e9R
K
yXRy8
fyXj9e9R
K
yXyN
fyXj9e9R
K
aQMv
A*sed9
**.
yXkk
fyXj9e9R
K
yXRe
fyXj9e9R
K
yXR88
fyXj9e9R
K
yXRj
fyXj9e9R
K
yXRR8
fyXj9e9R
K
aQMv
A*seN9
**.
yXkk
fyXj9e9R
K
yXRe
fyXj9e9R
K
yXR88
fyXj9e9R
K
yXRj
fyXj9e9R
K
yXRR8
fyXj9e9R
K
aQMv
A*s3y3
**.
yXR8
fyXj9e9R
K
yXRR
fyXj9e9R
K
yXRy8
fyXj9e9R
K
yXyN
fyXj9e9R
K
yXy3
fyXj9y3N
K
aQMv
A*sk38
**.
yXjR
fyXj9e9R
K
yXkj
fyXj9e9R
K
yXkk
fyXj9e9R
K
yXR3
fyXj9e9R
K
yXRe
fyXj9e9R
K
aQMv
A*sek8
**.
yXRe8
fyXj9e9R
K
yXRk8
fyXj9e9R
K
yXRk
fyXj9e9R
K
yXR
fyXj9e9R
K
yXy38
fyXj9e9R
K
aQMv
A*s3k8
**.
yXjR
fyXj9e9R
K
yXkj
fyXj9e9R
K
yXkk
fyXj9e9R
K
yXR3
fyXj9e9R
K
yXRe
fyXj9e9R
K
  
6B;m`2 8, h?2 +K2` bvbi2K +QMbBbib Q7  +QKTmi2 #QiiH2 7Q` QMHBM2 T`Q+2bbBM; TQr2` iQ r?B+? KmHiBTH2 +K2`b BM T`2bbm`2 ?QmbBM;b +M #2
/Bbv@+?BM2/ UH27iV- 2X;X- b  bi2`2Q b2i@mT rBi? irQ +K2`b U`B;?iVX
`2 mb2/ 7Q` /i M/ TQr2`- BX2X- Bi +M #2 KTT2/ iQ i?2
3 HBM2b Q7 1i?2`M2iX
*QM+`2i2Hv- am#+QMM mM/2`ri2` +QMM2+iQ`b M/ +#H2b
`2 mb2/ BM 7Q`K Q7 72KH2 .">36- `2bT2+iBp2Hv KH2
.">3J KH2 #mHF?2/b i i?2 #QiiH2b M/ .@S9hSk9
>6@+#H2b rBi?  KH2 .AG3J- `2bT2+iBp2Hv 72KH2 .AG36
+QMM2+iQ` i 2+? 2M/X .m2 iQ i?2 Hi2`MiBM; ;2M/2`b i
i?2 irQ 2M/b Q7 2+? +#H2- 2+? +K2` #QiiH2 ?b  r2HH
/2}M2/ QmiTmi U72KH2V- `2bT2+iBp2Hv BMTmi UKH2V 7Q` i?2
/Bbv@+?BMBM; Q7 i?2 +K2`b iQ i?2 +QKTmi2 #QiiH2 rBi?
M ++Q`/BM;Hv HbQ KH2 BMTmiX h?2 Hbi +K2` BM i?2
/Bbv@+?BM ?b Q#pBQmbHv MQ BMTmic Bib ++Q`/BM; #mHF?2/
+QMM2+iQ` Bb ?2M+2 b2H2/ rBi?  72KH2 ..*36 /mKKvX
h?2 /Bbv@+?BMBM; HHQrb iQ mb2 HbQ KQ`2 i?M irQ
+K2`b- 2X;X- iQ ;2M2`i2 KmHiBTH2 bi2`2Q bvbi2Kb rBi? /B7@
72`2Mi #b2HBM2bX h?`22 +K2`b C1- C2- M/ C3 7Q` 2tK@TH2 +M 7Q`K i?`22 bi2`2Q bvbi2Kb rBi? i?2 #b2HBM2b C1, C2U2X;X- b?Q`iV- C2, C3 U2X;X- K2/BmKV- 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K2` ?QmbBM; i 9-yyyKbr-
BX2X- pload = 40MPaX
hQ /2i2`KBM2 i?2 KtBKmK ri2` /2Ti? BM r?B+? i?2
+K2` ?QmbBM; +M b72Hv QT2`i2- i?2 pHm2b Q7 bi`BMb
M/ bi`2bb2b `2 7m`i?2`KQ`2 +H+mHi2/ 7Q` /Bz2`2Mi T`2b@
bm`2 HQ/b ploadX h?2 T`2bbm`2 HQ/ H2/BM; iQ i?2 }`biHQ+H THbiB+ /27Q`KiBQMb Bb +QMbB/2`2/ iQ #2 i?2 QT2`@
iBQM HBKBiX
h?2 61 7Q` /Bz2`2Mi /2Ti?b b?Qrb  pload 2[mH iQ9yJS U9-yyyKbrV b  KtBKmK T2`KBbbB#H2 HQ/X h?2
`2bmHib Q7 i?2 HBM2` 2HbiB+ +H+mHiBQM `2 b?QrM BM 6B;XRRX
h?2 ?B;?2bi HQ+H bi`2bb `Bb2b BM i?2 ;`QQp2 Q7 i?2 `2` THm;
M/ Bib pHm2 2t+22/b i?2 vB2H/ bi`2M;i? Q7 i?2 HmKBMBmK
Ukey JS- +TX h#H2 AoVX >2M+2- BM i?2 M2ti bi2T Q7 i?2
MHvbBb- i?2 `2` +T Bb KQ/2H2/ #v K2Mb Q7 M B/2H
2HbiB+@THbiB+ 61JX h?2 }HH2ib Q7 i?2 ;`QQp2 BM r?B+? i?2
?B;?2bi bi`2bb2b Q++m` `2 `2@K2b?2/ mbBM; p2`v }M2 ?2t@
?2/`H 2H2K2Mib BM Q`/2` iQ 2t+Hm/2 i?2 bBM;mH`BiB2b BM i?2
61J bm#@KQ/2H Q7 i?2 `2` +TX
b  `2bmHi Q7 i?Bb 61- i?2 /Bbi`B#miBQM Q7 THbiB+ /27Q`@
KiBQMb BM i?2 `2` +T Bb Q#iBM2/- rBi? i?2 ?B;?2bi HQ+H
pHm2 Q7 2[mBpH2Mi THbiB+ bi`BM 2[mH iQ yXRkWX h?2 HQ+H
THbiB+ /27Q`KiBQMb /Q MQi T`QT;i2 /22T2` BMiQ i?2 K@
i2`BH M/ +`+F /2p2HQTK2Mi Bb ?2M+2 MQi iQ #2 2tT2+i2/X
aBKBH` +QM+HmbBQMb +M #2 /`rM 7`QK i?2 Q`B;BMH HBM2`@
2HbiB+ 61X
++Q`/BM; iQ i?2 `2+QKK2M/iBQMb /2`Bp2/ BM (kj)- i?2
?B;?2` pHm2b Q7 HQ+H bi`2bb2b Q#iBM2/ #v K2Mb Q7 HBM2`@
2HbiB+ 61 b?QmH/ #2 p2`;2/ 7Q` b2p2`H M2B;?#Q`BM; 2H@
2K2Mib U/2T2M/BM; QM K2b? bT+BM;VX h?2 `2bmHiBM; pHm2b
  
Q7 p2`;2/ 2[mBpH2Mi HQ+H bi`2bb2b BM i?2 +K2` ?QmbBM;
/Q MQi 2t+22/ i?2 bT2+B}2/ pHm2 Q7 i?2 vB2H/ bi`2M;i? Q7
i?2 HmKBMmKX L2p2`i?2H2bb- i?2 T`2bbm`2 HQ/ Q7 9y JS
b?QmH/ #2 +QMbB/2`2/ b  i?2Q`2iB+H QT2`iBQMH HBKBi Q7
i?2 +K2` ?QmbBM;X >B;?2` pHm2b Q7 T`2bbm`2 HQ/ rBHH
mMpQB/#Hv H2/ iQ ?B;?2` THbiB+ /27Q`KiBQMb- BM+`2b2
i?2 `BbF Q7 +`+F /2p2HQTK2Mi M/- BM 2ti`2K2 +b2b- Kv
`2bmHi BM i?2 7BHm`2 Q7 i?2 Ki2`BHX
9X8X 6BHm`2 JBiB;iBQM 7Q` i?2 JtBKmK .2Ti?
6B;m`2 Rk, SQbbB#H2 /TiiBQMb Q7 i?2 Q@`BM; ;`QQp2 ;2QK2i`v
Upload = 40MPaV
++Q`/BM; iQ i?2 `2bmHib /Bb+mbb2/ #Qp2- i?2 ?B;?2bi
bi`2bb2b 7Q` i?2 R8 JS M/ i?2 9y JS T`2bbm`2 HQ/b Q+@
+m` BM i?2 ;`QQp2 Q7 i?2 `2` +T U+TX 6B;XRy M/ 6B;XRRVX
h?2 ?B;? pHm2b Q7 HQ+H bi`2bb2b BM i?2 ;`QQp2 `2 +mb2/
#v i?2 MQi+? 2z2+i M/ i?2 bKHH `/BB Q7 i?2 }HH2ibX h?mb-
BM Q`/2` iQ BM+`2b2 i?2 KtBKmK T2`KBbbB#H2 QT2`iBM;
/2Ti?- `2bT2+iBp2Hv iQ T`2p2Mi THbiB+ /27Q`KiBQMb M/
bi`2bb BM HQM;@iBK2 QT2`iBQMb- KBMQ` +?M;2b `2 BMi`Q@
/m+2/ BM i?2 /2bB;M Q7 i?2 `2` +TX
AM 6B;m`2 Rk- irQ TQbbB#H2 /TiiBQMb Q7 i?2 ;`QQp2 ;2@
QK2i`v `2 T`2b2Mi2/X AM i?2 }`bi +b2 U+HH2/ ǳAM+`2b2
`/BBǴV- i?2 `/BB Q7 i?2 }HH2i `2 bBKTHv BM+`2b2/ rBi?Qmi
+?M;BM; i?2 /BbiM+2 ∆x1X AM i?2 b2+QM/ +b2 U+HH2/ ǳ1H@HBTiB+ ;`QQp2ǴV- i?2 /BbiM+2 ∆x2 Bb ?2H/ +QMbiMi b i?22HHBTiB+ b?T2 Bb TTHB2/ iQ i?2 ;`QQp2 ;2QK2i`vX
h?2 HBM2`@2HbiB+ 61 `2p2Hb i?i 7Q` i?2 T`2bbm`2 HQ/
Q7 9yJS- i?2 irQ Hi2`MiBp2 KQ/B}+iBQMb BM i?2 ?Qmb@
BM; /2bB;M `2bmHi BM  bB;MB}+Mi `2/m+iBQM Q7 i?2 KtBKmK
pHm2b Q7 i?2 pQM JBb2b bi`2bb- MK2Hv #v RdW U*b2, AM@
+`2b2/ `/BB- 6B;m`2 RkV- `2bT2+iBp2Hv 2p2M j3W U*b2, 1H@
HBTiB+ ;`QQp2- 6B;m`2 RkVX AM i?2 2HHBTiB+H b?T2/ ;`QQp2-
MQ THbiB+ /27Q`KiBQMb `2 iQ #2 2tT2+i2/ b i?2 i2MbBH2
vB2H/ bi`2M;i? Q7 i?2 HmKBMBmK Ukey JS- +TX h#H2 jV Bb
MQi 2t+22/2/X
8X 1tT2`BK2Mib M/ _2bmHib
8XRX AM@B` 1pHmiBQM Q7 i?2 ai2`2Q *QKTQM2Mi a2H2+iBQM
6B`bi- i?2 b2H2+iBQM Q7 i?2 bT2+B}+ +QKTQM2Mib 7Q` Qm`
/22T b2 bi2`2Q bvbi2K Ua2+XjXkV `2 2pHmi2/ BM BM@B`
2tT2`BK2MibX h?2 2tT2`BK2Mi HbQ b2`p2b b BHHmbi`iBQM 7Q`
i?2 pHB/Biv Q7 i?2 mM/2`HvBM; 7Q`KH 7`K2rQ`F Ua2+XkVX
AM i?Bb 2tT2`BK2Mi- i?2 b2H2+i2/ +K2`b M/ H2Mb2b `2
mb2/ iQ b2i@mT i?`22 /Bz2`2Mi bi2`2Q bvbi2KbX h?2 }`bi
b2i@mT mb2b  #b2HBM2 B = 0.25m- r?B+? 7mH}HHb HH b@
bmKTiBQMbX h?2 b2+QM/ bvbi2K ?b  #b2HBM2 b?Q`i2` i?M
i?2 `M;2 /2i2`KBM2/ #v i?2 b2H2+iBQM H;Q`Bi?K UH;XRV-
MK2Hv B = 0.1mX 6BMHHv- i?2 Hbi bvbi2K ?b  #b2@
HBM2 i?i Bb HQM;2` i?M i?2 bm;;2bi2/ `M;2 7Q`  bmBi2/
#b2HBM2- MK2Hv B = 0.4mX 6Q` 2+? bvbi2K-  7Q`KH
++m`+v MHvbBb Bb T2`7Q`K2/- b /2b+`B#2/ BM a2+XkXeX
h?2 bi2`2Q +T#BHBiB2b `2 i?2M 2KTB`B+HHv +?2+F2/ 7Q`
2+? bvbi2KX  +vHBM/2` Bb TH+2/ BM 7`QMi Q7 2+? b2i@mT
U6B;XRjV- rBi? HBM2b K`F2/ QM Bib bm`7+2 2p2`v Ry /2;`22b
iQ bBKTHB7v i?2 K2bm`2K2Mi Q7 i?2 β M;H2- BX2X- i?2 T`2@
/B+i2/ pHm2b +M #2 +QKT`2/ iQ i?2 /i BM i?2 `2H@rQ`H/
b2i@mTbX Ai Bb Q7 +Qm`b2 BKTQ`iMi iQ MQi2- i?i i?2 +imH
b+2M2 `2+QMbi`m+iBQM +T#BHBiB2b Q7 i?2 bi2`2Q T`Q+2bbBM;
HbQ /2T2M/ QM KMv Qi?2` 7+iQ`b- 2X;X- Q#D2+ifb+2M2 i2t@
im`2b- HB;?i +QM/BiBQMb- `2+QMbi`m+iBQM K2i?Q/- 2i+X h?2
`2bmHib Q7 i?2 +QKT`BbQM `2 T`2b2Mi2/ BM h#H2 9X
h#H2 9, S`2/B+i2/ pHm2b Q7 βp M/ K2bm`2/ βm 7Q` i?`22 bi2`2Qb2i@mTbX
"b2HBM2 f
.BbiM+2 yXRK yXk8K yX9K
yXjK βp = 143
βm = 135
βp = 120
βm = 115
βp = 98
βm = 95
yX8K βp = 146
βm = 140
βp = 133
βm = 125
βp = 118
βm = 115
hQ KBMBKBx2 i?2 2``Q`b +QKBM; 7`QK i?2 7Q`2K2MiBQM2/
bQm`+2b Q7 `2+QMbi`m+iBQM 2``Q`b- i?2 β M;H2 Q7 i?2 `+
pBbB#H2 QM #Qi? +K2`b Bb 2biBKi2/ KMmHHv rBi? i?2
?2HT Q7 i?2 HBM2b T`BMi2/ QM i?2 +vHBM/2`X h?Bb 2biBKiBQM
Bb HbQ ;Bp2M mT iQ 8 /2;`22b ++m`+vX b 2tT2+i2/- i?2
b?Q`i2` i?2 #b2HBM2- i?2 #B;;2` i?2 T`i Q7 i?2 Q#D2+i i?i
Bb b22M #v #Qi? +K2`b i i?2 bK2 iBK2X J2bm`2/ pHm2b
`2 QMHv bHB;?iHv bKHH2` i?M T`2/B+i2/- BM/B+iBM; i?i i?2
+QKTQM2Mi b2H2+iBQM H;Q`Bi?K rQ`Fb BM/22/ b BMi2M/2/X
6B;m`2 Rj, 1tKTH2 pB2rb 7`QK i?2 H27i M/ i?2 `B;?i +K2` QM i?2
+vHBM/2` mb2/ BM 2pHmiBQM T`Q+2bbX
AM  b2+QM/ 2tT2`BK2Mi- i?2 ++m`+v T`2/B+iBQM 7Q` i?2
bvbi2K Bb 2pHmi2/X ;BM- i?2 i?`22 b2i@mTb rBi?  10cm-
25cm- `2bT2+iBp2Hv 40cm #b2HBM2 `2 mb2/X 1+? b2i@mT
Q#b2`p2b  +HB#`iBQM Tii2`M i 0.5m- 1m M/ 2m /Bb@
iM+2bX h?2 K`F2`b QM i?2 +HB#`iBQM Tii2`M +M #2
  
/2i2+i2/ #v K+?BM2 pBbBQM rBi? bm#TBt2H ++m`+v- ?2M+2
;BpBM;  ;QQ/ ;`QmM/ i`mi? `272`2M+2X h?2 TQbBiBQMb Q7 i?2
K`F2`b `2 i?2M `QmM/2/ iQ 7mHH TBt2Hb b BMTmi 7Q` i?2
bi2`2Q i`BM;mHiBQM- M/ i?2B` ++Q`/BM;Hv /2i2`KBM2/ j.
TQbBiBQMb `2 +QKT`2/ iQ i?2 ;`QmM/ i`mi?X h?Bb `2p2Hb
i?2 2z2+i Q7 i?2 [mMiBxiBQM 2``Q` r?2M `2+QMbi`m+iBM;
i?2 TQbBiBQM Q7 M Q#b2`p#H2 72im`2 BM i?2 2MpB`QMK2MiX
h?2 `2bmHib Q7 i?Bb 2tT2`BK2Mi `2 T`2b2Mi2/ BM 6B;XR9X
aBM+2 Qm` ++m`+v H;Q`Bi?K T`2/B+ib i?2 KtBKmK 2`@
`Q` +QKBM; 7`QK i?2 [mMiBxiBQM- Bi Bb HbQ +QKT`2/ iQ
i?2 KtBKmK 2``Q` BM i?2 2tT2`BK2MiX
6B;m`2 R9, 1pHmiBQM Q7 i?2 ++m`+v T`2/B+iBQM H;Q`Bi?KX
h?2 `2bmHib b?QrM i?i i?2 K2bm`2/ pHm2b +Q``2bTQM/
iQ i?2 T`2/B+i2/ QM2b [mBi2 r2HHX b i?2 /BbiM+2 iQ i?2 Q#@
D2+i ;`Qrb M/ i?2 KtBKmK [mMiBxiBQM 2``Q` #2+QK2b
p2`v H`;2- i?2 K2bm`2/ 2``Q` #2+QK2b bHB;?iHv bKHH2`X
h?Bb Bb bBKTHv /m2 iQ i?2 7+i i?i i?2 rQ`bi TQbbB#H2 b+2@
M`BQ /B/ MQi Q++m`X h?Bb BM/B+i2b i?i i?2 ++m`+v T`2@
/B+iBQM bi2T rQ`Fb b BMi2M/2/X
8XkX "QiiH2 h2bib BM  S`2bbm`2 hMF
h?2 7BHm`2 Q7 T`2bbm`2 #QiiH2b Bb MQi QMHv /Bbbi`Qmb 7Q`
i?2 +QKTQM2Mib i?2v +QMiBMX Ai +M HbQ ?p2 +ibi`QT?B+
2z2+ib QM i?2 THi7Q`K i?2v `2 BMi2;`i2/ QM /m2 iQ i?2
b?Q+F@rp2 Q7 i?2 BKTHQbBQM M/ /m2 iQ i?2 +?M;2 BM #mQv@
M+v Q7 i?2 Qp2`HH bvbi2KX >2M+2- Bi Bb ;QQ/ T`+iB+2 @ B7
MQi 2p2M KM/iQ`v 7Q` H2;H M/ BMbm`M+2 `2bQMb @ iQ
i2bi M2r K`BM2 bvbi2Kb BM T`2bbm`2 iMFb #27Q`2 i?2v `2
mb2/ BM i?2 }2H/X
++Q`/BM;Hv- i?2 T`2bbm`2 i2bi 7+BHBiB2b Q7 i?2 *2Mi2`
7Q` J`BM2 1MpB`QMK2MiH a+B2M+2b UJ_lJV BM "`2K2M
r2`2 mb2/ iQ pHB/i2 Qm` bi2`2Q bvbi2K 7Q` /22T b2 QT2`@
iBQMbX 6B;XR8 b?Qrb i?2 `2bmHi Q7 i?Bb i2biX h?2 bvbi2K Bb
6B;m`2 R8, S`2bbm`2 T`Q}H2 /m`BM; bvbi2K pHB/iBQM BM  i2bi iMFX
bm#K2`;2/ BM i?2 i2bi iMF M/ i?2 T`2bbm`2 Bb BM+`2b2/
iQ R8y #`- BX2X- i?2 +QM/BiBQMb i R-8yyKbr- r?B+? +Q`@
`2bTQM/ iQ i?2 KtBKmK /2Ti? Q7 i?2 THMM2/ mb2@+b2
THmb k8W b72iv K`;BMX h?2 T`2bbm`2 Bb KBMiBM2/ 7Q`
M ?Qm`- r?B+? Bb i?2 biM/`/ iBK2 +QMbB/2`2/ iQ #2 KQ`2
i?M bm{+B2Mi iQ /2i2+i /2bB;M Q` Ki2`BH ~rb BM i?2 #Qi@
iH2b- BX2X- iQ +mb2 H2F;2b Q` M BKTHQbBQMX h?2 T`2bbm`2
Bb i?2M bHQrHv /2+`2b2/ ;BMX
h?2 `2H@rQ`H/ T`2bbm`2 i2bib +QM}`K i?2 `2bmHib Q7
i?2 61J MHvbBb Ua2+X9V- BX2X- i?2 bvbi2K rBi?biM/b
R-8yyKbr rBi?Qmi Mv T`Q#H2KbX LQi2 i?i i?2 biM@
/`/ /2bB;M TT`Q+? 7Q` K`BM2 bvbi2Kb Q7i2M BM+Hm/2b
KmHiBTH2 Bi2`iBQMb Q7 T`2bbm`2 i2bib- BX2X- i?2 T`2bbm`2 #Qi@
iH2b `2 }`bi /2bB;M2/ ++Q`/BM; iQ ;2M2`H ;mB/2HBM2b M/
#2bi T`+iB+2b- i?2M i2bi2/- M/ UTQbbB#Hv KmHiBTH2 iBK2bV
/Ti2/ M/ +Q``2+i2/ B7 i?2 T`2bbm`2 i2bib 7BHX 6Q` Qm`
+K2` ?QmbBM;b- i?2 7BHm`2 Q7  #QiiH2 BM T`2bbm`2 i2bib
rQmH/ MQi QMHv #2 BM+QMp2MB2Mi b Bi rQmH/ `2[mB`2 M /@
/BiBQMH /2bB;M M/ T`Q/m+iBQM +v+H2- Bi rQmH/ HbQ #2 p2`v
+QbiHv /m2 iQ i?2 ?B;?@2M/ bTT?B`2 ;Hbb rBM/QrbX h?2
T`2b2Mi2/ 61J MHvbBb T`2p2Mib @ Q` i H2bi `2/m+2b i?2
`BbF Q7 @ +QbiHv 7BHm`2b BM T`2bbm`2 i2bibX
8XjX 6B2H/ h`BHb
6BMHHv- `2bmHib 7Q` i?2 mM/2`ri2` T2`7Q`KM+2 `2 T`2@
b2Mi2/X h?2 bi2`2Q bvbi2K rb i2bi2/ BM 2ti2MbBp2 }2H/
i`BHb BM i?2 J2/Bi2``M2M a2 Qzb?Q`2 Q7 J`b2BHH2 BM
CmM2fCmHv kyRd M/ BM CmM2fCmHv kyR3X 1+? i2bi +K@
TB;M Hbi2/ 7Q` irQ r22Fb rBi? KmHiBTH2 i2bi /Bp2bX h?2
`2bmHib T`2b2Mi2/ #2HQr `2 7`QK  i2bi /Bp2 BM jyK /2Ti?
rBi? K#B2Mi HB;?i +QM/BiBQMbX h?2 #b2HBM2 Q7 i?2 bi2`2Q
bvbi2K rb b2i iQ jy+K BM i?Bb i`BHX hQ pHB/i2 i?2
  
6B;m`2 Re, h?2 T+?2 _Po rBi? i?2 bi2`2Q bvbi2K M/ i?2
.2t_Po TM2H BM M mM/2`ri2` 2tT2`BK2Mi BM i?2 J2/Bi2``M2M
a2X
Qp2`HH .2t_Po b+2M`BQ-  i2bi TM2H rb /2p2HQT2/
#v i?2 T`QD2+i T`iM2` Ǵ*QKT;MB2 K`BiBK2 /Ƕ2tT2`iBb2b
U*PJ1sVǴ- i?i HbQ T`QpB/2/ i?2 T+?2 _Po M/ i?2
CMmb@AA p2bb2H 7Q` i?2 b2 i`BHb U6B;XR3VX h?2 TM2H 2K@
mHi2b /Bz2`2Mi TTHB+iBQM b+2M`BQb- 2X;X- QBH;b BMi2`@
7+2b #b2/ QM i?2 AaP Rjek3 biM/`/ BM+Hm/BM; pHp2b
M/ r2i@Ki2 +QMM2+iQ`bX
b H`2/v /Bb+mbb2/ BM a2+XjXR- Qm` bi2`2Q bvbi2K Bb
i?2 KBM b2MbQ` 7Q`  p`B2iv Q7 ibFb (Rd)- BM+Hm/BM; Mp@
B;iBQM- KTTBM;- Q#D2+i `2+Q;MBiBQM- M/ BMi2`p2MiBQMX
6B;XRd b?Qrb  72r [mHBiiBp2 `2bmHib 7`QK i?2 rB/2 `M;2
Q7 `2b2`+? iQTB+b QM mM/2`ri2` pBbBQM `2Hi2/ iQ i?Bb
(k9- k8- ke- kd),
UV AK;2 2M?M+2K2Mi Bb mb2/ iQ BKT`Qp2 i?2 T2`7Q`@
KM+2 Q7 ?B;?2`@H2p2H K2i?Q/b- 2X;X- Q7 bi2`2Q T`Q+2bb@
BM; M/ K`F2` /2i2+iBQMX
U#V q?BH2 bi2`2Q T`Q+2bbBM; rBi? i?2 biM/`/ a.@
H;Q`Bi?K H2/b iQ ;QQ/ `2bmHib 7Q` i?2 Mim`H 2MpB@
`QMK2Mi Ub22 HbQ U2V QM i?2 H27iV- Bi bmz2`b 7`QK i?2
r2HH@FMQrM Bbbm2b r?2M i?2`2 `2 72im`2H2bb `2;BQMb
HBF2 i?2 mMB7Q`K T`ib Q7 i?2 TM2HX
U+V  bi2`2Q H;Q`Bi?K QM i?2 #bBb Q7  .22T G2`MBM;
L2m`H L2irQ`F Bb ?2M+2 mb2/ 7Q` ;2iiBM; /2Mb2 /i
Q7 i?2 TM2HX
U/V h?2 HQ+HBxiBQM M/ i?2 2biBKiBQM Q7 i?2 bii2 Q7
pHp2@?M/H2b QM i?2 TM2H- 2bT2+BHHv i?2B` Q`B2Mi@
iBQM- Bb /2i2`KBM2/ #v M +iBp2 +QMiQm`b K2i?Q/
rBi? bmT2`@2HHBTb2 }iiBM; BM +QK#BMiBQM rBi?  >Qm;?
i`Mb7Q`KX
U2V .2T2M/BM; QM i?2 ibF- /Bz2`2Mi 7Q`Kb Q7 KTb +M
#2 mb2/- 2X;X- +QHQ`2/ TQBMi +HQm/b 7Q` i?2 Mim`H 2M@
pB`QMK2Mi- /2Mb2 `M;2 BM7Q`KiBQM 7Q` i?2 TM2H M/
Bib 2H2K2Mib- Q` M Q+i`22 i?i Bb r2HH bmBi2/ 7Q` Q#bi@
+H2 pQB/M+2 M/ Ti?@THMMBM;X
6m`i?2`KQ`2- r2 T`QpB/2 ?2`2  [mMiBiiBp2 MHvbBb Q7
i?2 bi2`2Q bvbi2KX h?2 T2`+2TiBQM 2``Q` /2T2M/b Q7 +Qm`b2
QM KmHiBTH2 7+iQ`bX 6B`bi Q7 HH- i?2`2 Bb i?2 ++m`+v Q7
UV AK;2 2M?M+2K2Mi iQ +QKT2Mbi2 im`#B/Biv
U#V .BbT`Biv KTb 7Q` bT`b2 U+2Mi2`V M/ /2Mb2 bi2`2Q U`B;?iV Q7
i?2 .2t_Po TM2H UH27iV
U+V _:". TQBMi +HQm/ U`B;?iV 7`QK /2Mb2 bi2`2Q
U/V GQ+HBxiBQM M/ bii2 /2i2+iBQM Q7 pHp2 ?M/H2b
U2V JBt2/ `2HBiv /BbTHv Q7 /Bz2`2Mi 7Q`Kb Q7 KTb, _". TQBMi +HQm/
UH27iV- /2Mb2 /BbT`Biv U+2Mi2`V- Q+i`22 U`B;?iV
6B;m`2 Rd, ZmHBiiBp2 2tKTH2b Q7 mM/2`ri2` pBbBQM `2bmHib mbBM;
i?2 T`2b2Mi2/ bi2`2Q bvbi2KX
  6B;m`2 R3, h?2 C+Q#b bi2`2Q bvbi2K rb KQM; Qi?2`b i2bi2/ BM irQ 2ti2MbBp2 }2H/ i`BHb Qz i?2 b?Q`2 Q7 J`b2BHH2X h?2 +K2` bvbi2K rb
BMi2;`i2/ QM  +QKK2`+BH T+?2 _Po UH27iV- r?B+? Bb /2THQv2/ 7`QK i?2 *PJ1s CMmb AA p2bb2H U+2Mi2`VX  KQ+FmT TM2H bi`m+im`2 Bb
mb2/ iQ i2bi /Bz2`2Mi TTHB+iBQM b+2M`BQb HBF2 QT2`iBQMb BM QBH@ M/ ;b@T`Q/m+iBQM U`B;?iVX
6B;m`2 RN, _2bB/mH 2``Q`b M/ Q7 TM2H K`F2` /2i2+iBQM /m`BM;  KBbbBQM 7Q` bBKmHi2/ MQBb2@7`22 U#Hm2 ǶtǶV M/ }2H/@i`BH mM/2`ri2` U;`22M
ǶYǶV +QM/BiBQMbX
i?2 bi2`2Q bvbi2K Bib2H7- r?B+? HbQ BM+Hm/2b i?2 +K2`
+HB#`iBQM M/ i?2 BK;2 `2+iB}+iBQM bT2+ibX HbQ- i?2`2
`2 i?2 BM~m2M+2b Q7 i?2 mM/2`ri2` pBbB#BHBiv +QM/BiBQMb-
r?B+? H2/ iQ MQBb2 M/ BK;2 /2;`/iBQMX Gbi #mi MQi
H2bi- i?2`2 Bb i?2 BM~m2M+2 Q7 i?2 ++m`+v Q7 i?2 pBbBQM
K2i?Q/b mb2/ 7Q` i?2 +QKTmiiBQM Q7 K2i`B+ BM7Q`KiBQM
7`QK i?2 bi2`2Q /iX
h?2 .2t_Po TM2H Bb m;K2Mi2/ rBi? `l+Q m;@
K2Mi2/ _2HBiv U_V K`F2`b- r?B+? +M #2 `2HB#Hv /2@
i2+i2/ #v +QKTmi2` pBbBQM U6B;XkyVX h?2 _@K`F2`b `2
TH+2/ i FMQrM HQ+iBQMb QM i?2 TM2HX h?Bb +M #2 mb2/
iQ 2biBKi2 i?2 TQb2 Q7 i?2 TM2H `2HiBp2 iQ i?2 bi2`2Q
bvbi2K- `2bT2+iBp2Hv iQ i?2 _PoX 1bT2+BHHv r?2M irQ Q`
KQ`2 _@K`F2`b `2 T2`+2Bp2/-  `2bB/mH 2``Q` +M #2
/2i2`KBM2/X 6B;XRN b?Qrb i?2 `2bB/mH 2``Q`b BM K`F2`
/2i2+iBQM /m`BM;  `2H@rQ`H/ KBbbBQM U#Hm2VX h?2 p2`;2
2``Q` Q7 i?2 TQbBiBQM 2biBKiBQM Q7 i?2 TM2H BM i?2 `2H@
rQ`H/ 2tT2`BK2Mib Bb RRX3+K U±RkXe +KV r?BH2 i?2 p2?B+H2
Bb QT2`iBM; BM  /BbiM+2 `M;2 Q7 kX8K iQ eK iQ i?2 TM2H
r?2`2 KmHiBTH2 K`F2`b +M #2 /2i2+i2/X
6m`i?2`KQ`2- i?2 2``Q`b /m`BM; THv@#+F Q7 i?2 KBbbBQM
BM  ?B;?@}/2HBiv bBKmHiBQM mM/2` +QKTH2i2Hv MQBb2@7`22
+QM/BiBQMb `2 BM+Hm/2/ 7Q` +QKT`BbQM U;`22MVX AX2X- i?2
bBKmHi2/ p2?B+H2 7QHHQrb i?2 bK2 i`D2+iQ`v b i?2 `2H
QM2 M/ i?2 pBbBQM bvbi2K Bb 72/ rBi? BK;2b 7`QK  j.
bBKmHiBQM Q7 i?2 2MpB`QMK2MiX h?2 2z2+ib Q7 mM/2`ri2`
BK;2 7Q`KiBQM- 2X;X- ?x2 M/ MQBb2- +M #2 BM+Q`TQ`i2/
BM i?2 bBKmHiBQM- #mi i?2v `2 MQi mb2/ ?2`2X h?2 MQBb2@
7`22- bBKmHi2/ T2`+2TiBQM ?2M+2 T`QpB/2b  FBM/ Q7 #2bi
+b2 #b2HBM2X Ai +M #2 Q#b2`p2/ i?i i?2 `2H@rQ`H/ T2`@
7Q`KM+2 U#Hm2V Bb MQi iQQ 7` Qz i?Bb i?2Q`2iB+H #2bi +b2
U;`22MVX
  
6B;m`2 ky, h?2 .2t_Po KQ+F@mT TM2H Bb 2[mBTT2/ rBi? KmHiBTH2
_@K`F2`b i FMQrM HQ+iBQMb- BX2X- rBi? ;`QmM/ i`mi? `2HiBp2 /Bb@
iM+2b #2ir22M 2+? Qi?2` UH27iVX h?2 K`F2`b +M #2 /2i2+i2/ M/
HQ+HBx2/ mbBM; +QKTmi2` pBbBQM U`B;?iVX
eX *QM+HmbBQMb
AM i?Bb `iB+H2- M BMi2HHB;2Mi bi2`2Q pBbBQM bvbi2K 7Q`
/22T@b2 QT2`iBQMb rb T`2b2Mi2/- r?B+? rb /2p2HQT2/
rBi? KQ/2H #b2/ /2bB;MX  7Q`KHBx2/ TT`Q+? iQ i?2
+QKTQM2Mi b2H2+iBQM 7Q` i?2 bi2`2Q b2i@mT rb BMi`Q/m+2/-
r?B+? Bb Q7 ;2M2`H BMi2`2bi 7Q` /2bB;MBM; bi2`2Q bvbi2KbX
6m`i?2`KQ`2- i?2 +QM+`2i2 bT2+ib Q7 /22T b2 QT2`iBQMb
r2`2 //`2bb2/- 2bT2+BHHv i?2 /2bB;M M/ QTiBKBxiBQM Q7
i?2 +K2` ?QmbBM;b #v  6BMBi2 1H2K2Mi J2i?Q/ U61JVX
Gbi #mi MQi H2bi- `2bmHib 7`QK 2tT2`BK2Mib r2`2 T`2b2Mi2/
BM+Hm/BM;  pHB/iBQM Q7 i?2 bi2`2Q T2`7Q`KM+2 BM B`-
`Q#mbiM2bb i2bib Q7 i?2 #QiiH2b BM T`2bbm`2 iMFb- M/ }2H/
i`BHb Q7 i?2 +QKTH2i2 bvbi2K Qz i?2 b?Q`2 Q7 J`b2BHH2 QM
 +QKK2`+BH _2KQi2Hv PT2`i2/ o2?B+H2 U_PoVX
+FMQrH2/;2K2Mib
h?2 `2b2`+? H2/BM; iQ i?2 T`2b2Mi2/ `2bmHib rb bmT@
TQ`i2/ BM T`i #v i?2 1m`QT2M *QKKmMBivǶb >Q`BxQMkyky
T`Q;`K mM/2` ;`Mi ;`22K2Mi MX ej89NR ǳ.2ti2`Qmb
_Po, 2z2+iBp2 /2ti2`Qmb _Po QT2`iBQMb BM T`2b2M+2 Q7
+QKKmMB+iBQM Hi2M+B2b U.2t_PoVǴX
(R) :X LX .2bQmx M/ X *X EF- ǳoBbBQM 7Q` KQ#BH2 `Q#Qi MpB@
;iBQM,  bm`p2v-Ǵ A111 h`Mb+iBQMb QM Sii2`M MHvbBb M/
J+?BM2 AMi2HHB;2M+2- pQHX k9- MQX k- TTX kjdĜked- 62# kyykX
(k) SX *B2bHF- SX _B/Q- M/ JX :B2`;B2H- ǳmiQMQKQmb mM/2`r@
i2` TM2H QT2`iBQM #v ;B`QM8yy mpKb,  T`+iB+H TT`Q+? iQ
miQMQKQmb mM/2`ri2` KMBTmHiBQM-Ǵ BM kyR8 A111 AMi2`M@
iBQMH *QM72`2M+2 QM _Q#QiB+b M/ miQKiBQM UA*_V- Jv
kyR8- TTX 8kNĜ8jeX
(j) .X GQ/B _BxxBMB- 6X EHHbB- CX H2QiiB- 6X PH2`B- M/ aX *b2HHB-
ǳAMi2;`iBQM Q7  bi2`2Q pBbBQM bvbi2K BMiQ M miQMQKQmb mM@
/2`ri2` p2?B+H2 7Q` TBT2 KMBTmHiBQM ibFb-Ǵ *QKTmi2`b M/
1H2+i`B+H 1M;BM22`BM;- pQHX 83- TTX 8eyĜ8dR- kyRdX
(9) wX w?M;- >X _2#2+[- *X 6Q`bi2`- M/ .X a+`Kmxx- ǳ"2M2}i Q7
H`;2 }2H/@Q7@pB2r +K2`b 7Q` pBbmH Q/QK2i`v-Ǵ BM kyRe A111
AMi2`MiBQMH *QM72`2M+2 QM _Q#QiB+b M/ miQKiBQM UA*_V-
Jv kyRe- TTX 3yRĜ3y3X
(8) CX *?2M- aX E?iB#B- M/qX EmH2bx- ǳSHMMBM; Q7  KmHiB bi2`2Q
pBbmH b2MbQ` bvbi2K @ /2Ti? ++m`+v M/ p`B#H2 #b2HBM2 T@
T`Q+?-Ǵ BM kyyd j.ho *QM72`2M+2- Jv kyyd- TTX RĜ9X
(e) .X *X >2`i?- EX _X aX EQ/;Q/- M/ :X .BbbMvF2- ǳJQ/@
2HBM; 2``Q`b BM bKHH #b2HBM2 bi2`2Q 7Q` bHK-Ǵ BM kyye Ni? AM@
i2`MiBQMH *QM72`2M+2 QM *QMi`QH- miQKiBQM- _Q#QiB+b M/
oBbBQM- .2+ kyye- TTX RĜeX
(d) .X SQD`- SX C2QM;- M/ aX L2/2pb+?B- ǳ_Q#mbi pBbmH Q/QK2i`v
mbBM; bi2`2Q `2+QMbi`m+iBQM 2``Q` KQ/2H-Ǵ BM AMi2HHB;2Mi *QK@
Tmi2` *QKKmMB+iBQM M/ S`Q+2bbBM; UA**SV- kyRk A111 AM@
i2`MiBQMH *QM72`2M+2 QM- m; kyRk- TTX R9NĜR89X
(3) :X .m##2HKM M/ 6X *X X :`Q2M- ǳ"Bb `2/m+iBQM 7Q` bi2`2Q
#b2/ KQiBQM 2biBKiBQM rBi? TTHB+iBQMb iQ H`;2 b+H2 pBbmH
Q/QK2i`v-Ǵ BM *QKTmi2` oBbBQM M/ Sii2`M _2+Q;MBiBQM- kyyNX
*oS_ kyyNX A111 *QM72`2M+2 QM- CmM2 kyyN- TTX kkkkĜkkkNX
(N) GX Jii?B2b M/ aX a?72`- ǳ1``Q` KQ/2HBM; BM bi2`2Q MpB;@
iBQM-Ǵ A111 CQm`MH QM _Q#QiB+b M/ miQKiBQM- pQHX j- MQX j-
TTX kjNĜk93- CmM2 RN3dX
(Ry) CX CX _Q/`B;m2x M/ CX EX ;;`rH- ǳaiQ+?biB+ MHvbBb Q7
bi2`2Q [mMiBxiBQM 2``Q`-Ǵ A111 h`Mb+iBQMb QM Sii2`M MH@
vbBb M/ J+?BM2 AMi2HHB;2M+2- pQHX Rk- MQX 8- TTX 9edĜ9dy- Jv
RNNyX
(RR) hX w?M; M/ hX "QmHi- ǳ_2HBbiB+ bi2`2Q 2``Q` KQ/2Hb M/ }MBi2
QTiBKH bi2`2Q #b2HBM2b-Ǵ BM TTHB+iBQMb Q7 *QKTmi2` oBbBQM
Uq*oV- kyRR A111 qQ`Fb?QT QM- CM kyRR- TTX 9keĜ9jjX
(Rk) LX oX a`BMBpbmHm- aX E?M- M/ aX CBF`Bb?M- ǳ.2bB;M M/ MH@
vbBb Q7 bm#K`BM2 `/QK2-Ǵ BM S`Q+22/BM;b Q7 i?2 AMi2`MiBQMH
*QM72`2M+2 QM _2b2`+? M/ AMMQpiBQMb BM J2+?MB+H 1M;B@
M22`BM;- yR kyR9- TTX RRĜkeX
(Rj) hX@>X CQmM;- AX L?Q- M/ SX@J@G22- ǳ bim/v QM i?2 bi`m+im`H
/2bB;M M/ MHvbBb Q7 mMKMM2/ mM/2`ri2` p2?B+H2-Ǵ AMi2`M@
iBQMH aQ+B2iv Q7 Pzb?Q`2 M/ SQH` 1M;BM22`b- MQX R8- CmM2
kyy8X
(R9) X uQmb27TQm`- ǳ.2bB;M- MHvbBb- KMm7+im`2- M/ i2bi Q7 +QK@
TQbBi2 T`2bbm`2 p2bb2Hb M/ }MBi2 2H2K2Mi MHvbBb Q7 K2iHHB+
7`K2 7Q` /22T Q+2M mM/2`ri2` p2?B+H2 TTHB+iBQMb-Ǵ Rk kyRdX
(R8) EX EX aKBi? M/ *X :X LM/FmK`- ǳ6BMBi2 2H2K2Mi MHvbBb
Q7 miQMQKQmb mM/2`ri2` ;HB/2`-Ǵ AC1_.- pQHX j- MQX 8- TTX
RĜe- .2+2K#2` kyRjX
(Re) EX JmHDQrB/Q/Q- aX X Lm;`Q?Q- LX S`vQ;Q- "X :mM/?`K-
M/ X "m/BvQMQ- ǳ.2bB;M M/ MHvbBb Q7 KQ/mH` +QKTQbBi2b
/`v#Qt ?mHH Q7 ?v#`B/ miQMQKQmb mM/2`ri2` p2?B+H2-Ǵ AM/BM
CQm`MH Q7 :2Q@J`BM2 a+B2M+2b- pQHX 9R- MQX e- TTX 8ejĜ8e3-
.2+2K#2` kyRkX
(Rd) X "B`F- hX .Q2`M#+?- *X Jm2HH2`- hX Gm+xvMbFB- X :X *?p2x-
.X Eƺ?MiQTT- X EmT+bBF- aX *HBMQM- X hMrMB- :X M@
iQM2HHB- SX /X GBHHQ- 1X aBK2iiB- :X *bHBMQ- :X AM/Bp2`B- GX Pb@
imMB- X hm`2ii- X *zx- SX q2Bbb- hX :Q#2`i- "X *?2KBbFv-
CX :M+2i- hX aB2/2H- aX :QpBM/`D- sX J`iBM2x- M/ SX G2iB2`-
ǳ.2ti2`Qmb mM/2`ri2` KMBTmHiBQM 7`QK /BbiMi QMb?Q`2 HQ@
+iBQMb-Ǵ A111 _Q#QiB+b M/ miQKiBQM J;xBM2 U_JV-
pQHX k8- MQX 9- kyR3X
(R3) hX h`2B#Bix- uX uX a+?2+?M2`- M/ >X aBM;?- ǳ6Hi `27`+iBp2
;2QK2i`v-Ǵ BM *QKTmi2` oBbBQM M/ Sii2`M _2+Q;MBiBQM- kyy3X
*oS_ kyy3X A111 *QM72`2M+2 QM- kyy3- TTX RĜ3X
(RN) X a2/Hx2+F M/ _X EQ+?- ǳ*HB#`iBQM Q7 >QmbBM; S`K2@
i2`b 7Q` lM/2`ri2` ai2`2Q@*K2` _B;b-Ǵ BM S`Q+22/BM;b Q7 i?2
"`BiBb? J+?BM2 oBbBQM *QM72`2M+2- CX >Q2v- 1/X "Jo S`2bb-
kyRRX
(ky) hX h`2B#Bix- uX a+?2+?M2`- *X EmMx- M/ >X aBM;?- ǳ6Hi `2@
7`+iBp2 ;2QK2i`v-Ǵ Sii2`M MHvbBb M/ J+?BM2 AMi2HHB;2M+2-
A111 h`Mb+iBQMb QM- pQHX j9- MQX R- TTX 8RĜe8- kyRkX
(kR) hX .QH2`2Bi- lX 6X pX GmFb- M/ X EmBDT2`- ǳlM/2`ri2` bi2`2Q
  
+HB#`iBQM miBHBxBM; pB`imH Q#D2+i TQBMib-Ǵ BM P*1LaX A111-
kyR8- TTX RĜdX
(kk) hX Gm+xvMbFB- JX S}M;bi?Q`M- M/ X "B`F- ǳh?2 TBMt@KQ/2H
7Q` ++m`i2 M/ 2{+B2Mi `27`+iBQM +Q``2+iBQM Q7 mM/2`ri2`
+K2`b BM ~i@TM2 ?QmbBM;b-Ǵ P+2M 1M;BM22`BM;- pQHX Rjj-
TTX NĜkk- kyRdX
(kj) JX q2Hb+?- ǳ"2r2`imM; pQM bTMMmM;bbTBix2M mM/ bBM;mH`@
Bi i2M BM 72K@`2+?MmM;2M-Ǵ BM LQ`//2mib+?2b aBKmHiBQMb7Q`mK-
>K#m`;- pQHX RR- kyR8X
(k9) hX .Q2`M#+?- X :X *?p2x- *X X Jm2HH2`- M/ X "B`F- ǳ>B;?@
}/2HBiv /22T@b2 T2`+2TiBQM mbBM; bBKmHiBQM BM i?2 HQQT-Ǵ BM
A6* *QM72`2M+2 QM *QMi`QH TTHB+iBQMb BM J`BM2 avbi2Kb
U*JaV- kyR3X
(k8) *X X Jm2HH2`- hX .Q2`M#+?- X :X *?p2x- .X Eƺ?MiQTT-
M/ X "B`F- ǳ_Q#mbi +QMiBMmQmb bvbi2K BMi2;`iBQM 7Q` +`Bi@
B+H /22T@b2 `Q#Qi QT2`iBQMb mbBM; FMQrH2/;2@2M#H2/ bBKmH@
iBQM BM i?2 HQQT-Ǵ BM A111f_aC AMi2`MiBQMH *QM72`2M+2 QM
AMi2HHB;2Mi _Q#Qib M/ avbi2Kb UA_PaVX A111- kyR3X
(ke) hX Gm+xvMbFB- hX 6`QKK- aX :QpBM/`D- *X X Jm2HH2`- M/
X "B`F- ǳj/ ;`B/ KT i`MbKBbbBQM 7Q` mM/2`ri2` KTTBM; M/
pBbmHBxiBQM mM/2` #M/rB/i? +QMbi`BMib-Ǵ BM A111 P+2MbX
A111 T`2bb- kyRdX
(kd) hX Gm+xvMbFB M/ X "B`F- ǳlM/2`ri2` BK;2 ?x2 `2KQpH
rBi? M mM/2`ri2`@`2/v /`F +?MM2H T`BQ`-Ǵ BM A111 P+2MbX
A111 T`2bb- kyRdX
  
Highlights 
x An algorithm for stereo vision hardware and setup parameters selection is proposed 
x Model based design of the deep-sea housings is presented 
x Proposed algorithm is evaluated in the experiment 
x Complete system is validated in the deep-sea operation 
